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FOREWORD 
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SUMMARY 


This study examined the feasibility of using liquid hydrogen as fuel in 
advanced designs of long range, subsonic transport aircraft, and assessed the 
potential advantages. Both passenger and cargo-type aircraft were investigated. 
Passenger aircraft were designed to perform all combinations of the following 
matrix of primary mission requirements: 

PAYLOAD 36,300 kg (88,000 lb) = 400 Passengers + cargo) 

PANQES 5 ,560 km (3000 n mi) and 10,190 km (5500 n mi) 

CRUISE SPEEDS Mach 0.80, O.85 and 0-90 

In addition, 600 and 800 passenger capacity aircraft were designed for Mach 
O.85 cruise speed and for both ranges. 

Cargo aircraft designs were studies to perform the following missions: 



MISSION 1 

MISSION 2 

PAYLOAD 

56,700 kg (125,000 lb) 

113,400 kg (250,000 lb) 

RANGE 

5560 km (3000 n mi) 

10,190 kg (5500 n mi) 

CRUISE SPEED 

Mach O.85 

Mach O.85 


To serve as a basis for comparison, reference aircraft fueled with conventional 
hydrocarbon (Jet A) were designed to identical ground rules and for the same 
missions, except that the passenger airplane requirements were limited to only 
one speed, Mach O.85. 

Due to the lew density, high energy content, and cryogenic temperature 
of liquid hydrogen (LHp it was anticipated that optimum designs of LH.^ 
fueled aircraft might require unusual design configurations to gain 
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maximum advantage from its use. This was found not to be the case. Although many 
unusual configurations were explored, the designs of LH^ fueled aircraft selected 
as preferred configurations for both the passenger and cargo applications are con- 
ventional in appearance. Unusual design concepts which were investigated proved to 
be inferior. 

In every case the hydrogen fueled aircraft, which were selected using minimum 
direct operating cost as the primary criterion, were found to be lighter, quieter, 
able to operate from shorter runways, require smaller engines, minimize pollution 
of the environment, and expend less energy in performing their design missions, 
relative to equivalent designs fueled with Jet A. In addition, the hydrogen air- 
craft are physically smaller in span, height, and wing area, but have larger 
fuselages . 

The purchase price estimated for the LH aircraft was somewhat higher than 
that of the reference designs. This was due to a high value accorded the hydrogen- 
peculiar items, for which there is insufficient data to establish a truly meaning- 
ful cost basis. 

Direct operating costs of the hydrogen aircraft are significantly lower than 
that of their Jet A fueled counterparts if the fuels cost the same per unit of 
energy. The following table shows the additional cost which can be paid for LH^ 
per unit of energy for the subject aircraft to have DOC’s equal to their respective 
Jet A- fueled reference aircraft. 


M 0.85 AIRCRAFT 

ALLOWABLE ADDITIONAL 

PAYLOAD 

RANGE 

l/UD 1 

PR0DU 

run j-iiip xu 

CE EQUAL DOC 

TYPE 

WEIGHT 

0/GJ 

(4S/10 6 btu) 

400 PAX 

36,300 kg 

5560 km 

22.7 

(21.5) 


(88,000 lb) 

(3000 n. mi) 



1+00 PAX 

36,300 kg 

10,190 km 

U 6.5 

( 41+ ) 


(88,000 lb) 

(5500 n. mi) 



CARGO 

56,700 kg 

5560 km 

21.5 

( 20 ) 


( 125,000 lb) 

(3000 n. mi) 



CARGO 

113, ! +00 kg 

10,190 km 

52.8 

( 50 ) 


(250,000 lb) 

(5500 n. mi ) 




viii 



An evaluation of operations, maintenance, and safety aspects of the hydrogen 
fueled aircraft revealed no significant features that would seriously affect 
airline-type turn-around schedules, compared to current practice with Jet A fuel. 
Equipment to perform operations like refueling will he different, hut neither the 
number of personnel involved nor the elapsed time required should he adversely 
affected. 

The examination of larger payloads (600 and 800 passengers) indicated an in- 
creasing flight efficiency for the larger aircraft. As payload increased, both 
direct operating cost and block fuel fraction (expressed as a percentage of gross 
weight) decreased. 
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2 

"2 

= Theta T = T °K/288.2 
^ 2 

A 

= Increment 

A 

= Wing Sweep Angle 
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SECTION 1 


INTRODUCTION 

Crowing concern for the problem of providing adequate supplies of petroleum- 
derived fuels to meet U.S. demand, and recognition of the inevitable price that 
must be paid for our ever increasing dependence on foreign supplies, has led the 
NASA to a broad study effort to review energy trends and to evaluate the posibili- 
ties of alternate fuels for transport aircraft. The availability and cost of 
petroleum-derived fuel for commercial transport aircraft will continue to become 
less and less attractive in coming years. Ultimately, and it is simply a question 
of "how soon," rather than "if," an alternate fuel must be developed. The policy 
employed during the period of the Arab oil embargo, starting in October, 19Y3* 
which assigned commercial airlines a low priority in allocation of fuel stocks 
relative to household, industrial, and utility needs, will probably not be 
drastically revised. Accordingly, as shortages develop in the future, either 
because of international political, or economic pressures, or as a result of de- 
pletion of natural resources, it may be assumed commercial air transport will 
suffer sever disruptions. 

Serious consideration of changing to an alternate fuel for commercial trans- 
port aircraft must include assessment of the impact the choice would have not only 
on the aviation segment of American industry, i.e., the airlines, aircraft and 
engine manufacturers, fuel suppliers, and airport operators, but the debate must 
also include consideration of the energy and fuel needs of the entire spectrum of 
the U.S. economy. In addition, it is becoming more clearly recognized that the 
energy requirements and preferences of foreign governments must be considered and 
coordinated along with those of our own. * In other words, selection of a "fuel of 
the future" for commercial aviation cannot be made logically without considering 
the requirements and opportunities of all other significant users of energy, both 
n at i o nal and internatio na 1 . 
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Although the subject report is focused on consideration of just the commercial 
aviation aspects of the energy/fuel problem, the folloving is offered to help keep 
the problem in perspective. 

The utilization of energy in the U.S. in 1970 is diagrammed in Figure 1, taken 
from Reference 1. Total consumption of energy in that year was 6k. 6 Q [quadrillion 
(10 15 ) Btu] - An additional quantity of fossil fuels, equivalent to h.2 Q, was 
consumed in non-energy uses, primarily the manufacture of petro-chemicals , making 
the total 68.8 Q. Of this total, 23.7 percent (l6.3 Q) was used in transportation, 
of which commercial aviation used only 7-5 percent (1.23 Q), a relatively insigni- 
ficant amount. For instance, if somehow the total amount of fuel used by commer- 
cial aircraft in 1970 was made available for use by all the energy consuming 
sectors of the U.S. economy, it would provide energy for just 6-1/2 days at the 

19Y0 rate of comsumpt ion. 

By A.D. 2000, however, it is generally forecast U.S. energy consumption 
will amount to between lUO and l 60 Q, and that the distribution of energy among 
the four basic end-uses (industry, transportation, household and commercial, and 
"other" plus losses) will remain substantially the same except that, according to 
projections made by the study of Reference 2, the share for transportation will 
increase to about 30 percent. Also, from the sane source, it is predicted that 
within the transportation sector the share for commercial aviation will increase 
to about 32 percent by 2000. This would amount to between 13. k and J5-3 Q/yeur 
for aircraft, -a very considerable amount using either energy projection. Tt is 
equivalent to about 39 days supply of energy for the entire U.S. at the rate of 
consumption projected for A.D. 2000, or roughly 10 percent of the nation's total 
consumption that year. In more dramatic terms, the recoverable oil reserves in 
the Alaskan North Slope are currently estimated at 9-6 billion barrels. Since 
a maximum of only L7 percent of a barrel of crude oil can be refined to Jet A^ 
fuel specifications, the remainder going to other uses, the output of the entire 
North Slope oil field will supply U.S. commercial aviation for only about 8 months 
at the lower rate of consumption projected for A.D. ^000. 


It is apparent that 
product to an alternate fuel 
crude requirements within the 


switching commercial aviation from a petroleum base 
could have a significant impact on the nation's 
time frame in which the change would be implemented. 
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Figure 1. Energy Utilization in U.S. in 1970 (From September 1971 Scientific American) 







These statistics are also a cogent answer to the frequently-heard plaint, "if the 
current fuel (Jet A) is going to he in short supply why shouldn f t other users 
switch to an alternate, thereby prolonging the availability of Jet A for aviation?" 
At only IT percent maximum conversion capability, the world does not possess 
enough petroleum to long supply the voracious appetite oi commercial airliners if 
air travel service is to expand as predicted. Accordingly, there are a number of 
questions which need to be resolved: 


• What is the preferred fuel for commercial aviation from the points of 
view of cost, emissions, energy, noise, practicability, and long range 
availability? 

• How can the transition to the new fuel be implemented without serious 
disruption of commercial airline service or undue financial, burden on 
the airlines? 


• How much will it cost to provide facilities to store and handle the new 
f ue l at airports, and how should it be capitalized? 

• Since U.S. aircraft fly worldwide, the choice of a new fuel must be co- 
ordinated on an international basis. How should this be accomplished in 
order that other countries preferences for a new fuel might be properly 
considered along with that of our own? 


This last question deserves emphasis because L ) up to now it has been virtual. Jy 
ignored in U.S. considerations, and 2 ) it has strong implications on answers to 
the other questions. Many nations, e.g. , Japan and Italy, import nearly 100 percent 
of their petroleum requ.i rements . None of the western European nations currently 
produces more than a small, fraction of its petroleum needs although England with 
its North Sea potential may become self sufficient within a few years. In con- 
trast, according to Reference .1, in 1970 the United States imported, only 6.8 w., 
less than SO percent of our total petroleum requirements. It is apparent there- 
fore, that many other countries will be more strongly motivated to find a satis- 
factory fuel and energy source which will relieve their dependence on irripoi ted 
crude oil than will the United States. 


Within each country there may be circumstances or natural resources which 
offer unique potential solutions to their individual energy needs for industry, 
residential and commercial, and surface transportation. They may include a wide 
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variety of energy sources in addition to the conventional use of petroleum, 
natural gas, and coal, ranging from solar, nuclear, geothermal, hydro, and con- 
version of waste products, to photosynthesis for growing lue.l in one form or 
another. For stationary power plants there are a large number oi energy sources 
which can be used and there is no strong requirement that one locality employ the 
same solution as any other. 


Commercial air transportation is a significant exception to this freedom of 
choice determination because air travel is international, and also because airciatt 
are necessarily designed to use a specific fuel., within fairly narrow limits. That 
is, for example, it is not practical to design an airplane to operate efficiently 
on both Jet A and hydrogen fuel interchangeably. Accordingly, if international 
air travel is to continue to flourish and expand as projected in the lace of 
definite prospects that some countries may be unable to obtain adequate supplies 
L; , r petroleum at all times, it becomes mandatory either that all nations agree to 
share their petroleum fuel supplies (this is recognized as, first, only a temporary 
solution, and second, as being impractical in event of an extended embargo), or 
that they will, adopt an alternate fuel that can be commonly produced without hazard 
of.' control, by a cartel. 

Hydrogen offers many potential advantages for this application including the 
fae t s that t) it nan be manufactured from coal and water, or from water directly, 
lining any of several processes and a wide variety of possible energy sources 
{ Reference 3), and therefore can be considered to be free of the dangers of 
cartel izat ion ; and A ) used as a fuel for aircraft it has been shown to provide 
significant improvement in vehicle weight, performance, and cost, and to result m 
reduced pollution of the environment. Recognition of these advantages as a result 
{J p preliminary conceptual design studies has led to consideration of hydrogen as 
a loading candidate to replace Jet A as the fuel for commercial transport aircraft 
uf the future. 

The subject study was performed as one of the initial efforts in NAbA r s 
investigation of alternatives lor the future. The objectives of this study were 
t< ) : 


• Assess the feasibility and potential advantages of using liquid hydrogen 
( PH ) as fuel in long range, subsonic transport aircraft (both passengei 
and cargo types). 
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• Identify the problems and technology requirements peculiar to such 
aircraft . 

• Outline a program for development of necessary technology on a timely 
basis . 

The organization and methodology of the study is described m Section 2. 
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SECTION 2 

TECHNICAL APPROACH 

This investigation was intended to provide evidence to help answer some of the 
intriguing questions relative to use LH 0 in .Long-range, subsonic tianspoit aiicrait 
of the future; e.g., can efficient aircraft be designed to contain the large voJume 
of low density fuel that will be required, can the structural and thermodynamic 
problems related to use of cryogenic liquid in commercial transport aircraft be 
satisfactorily resolved, can satisfactory operational and handling procedures be 
developed, how wit.! the economics of transport aircraft be at fected by the switch 
from hydrocarbon (Jet A) to LH 0 luol., and how will air transport safety be 

c. 

affected? To provide that evidence, conceptual design studies were made of both 
passenger and cargo-type transport aircraft "....to the depth necessary to indicate 
both the technical and economic feasibility of liquid hyd rogen-fuel ed transport 
aircraft" {Reference h ) . To provide a basis for a valid compari son of physical, 
peril umianoe, arid economic parameters. , reference aircraft using Jet A fuel were 
s i zed to perform identical missions . Ground rules for the study are Listed in 
•lab i e 1 . 

The study was. conducted in the sequence indicated schematically in the 
■fo L t owing diagram. 
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TABLE 1. BASIC GUIDELINES 


r ue l : Liquid Hydrogen (assumed available at airport for this study) 

Initial Operational Capability: 1990-95 
Advanced Aircraft Technologies: 

• Supercritical aerodynamics 

• Composite materials 

• Active controls 

• Terminal area features 

Advanced Engines: Contractor-derived performance for both LH 2 and 

Jet A fueled turbofans 

Noise Goal: 5.18 km 2 (2 sq. mi.) area for 90 EPNdB contour (sum of 

takeoff + approach) 

Emission Limit Goals: 


Ground Idle 

CO 

.1 H gm/kg. 

fuel turned 

HO 

2 gm/kg. 

fuel burned 

Takeoff Power 

N0 X 

13 gm/kg. 

, fuel burned 


Smoke 

SAE 1.179 

Number 25 


Landing and Takeoff: 2Hl0 m (8000 ft.) runway, 32.2°C (90°F) day, 

30U. 8 m (1000 ft. ) alt. 

Direct Operating Cost: 

• .1.967 ATA equations (international basis) 

• 1973 dollars 

• 350 aircraft production base 

• Baseline fuel costs 

LH 0 = $ 3 / 1 . 05)1 GJ ($3/l0 6 Btu = 15 . 1+8^/lb. ) 

= $2/1.05)* GJ ($2/10^ Btu = 2)* . 8<t/ gal . = 3.68^/lb 


Jet A 




All passenger aircraft were designed and evaluated at Lockheed-California 
Company and all cargo aircraft at Lockheed-Georgia Company. A large number of 
candidate aircraft configurations of both types were conceived and subjected to a 
critical qualitative evaluation. The two configurations given the highest ratings 
were selected for more detailed study and analysis. 

Design studies were conducted to determine appropriate characteristics lor the 
hydrogen-related systems required on board the aircraft. These studies included 
consideration of materials, structural, and thermodynamic requirements of the 
cryogenic fuel tanks, their structural support systems, thermal protection systems, 
and for the fuel system. Operations and maintenance procedures and requirements 
were considered in the design of these components and systems. 


Engine decks were generated to parametrically represent the performance, size, 
and weight of advanced design, quiet turbofan engines using technology forecase to 
he available after 1985 , consistent with initial aircraft operational capability 
in 1990-95. Decks were generated for engines designed for both fuels, liquid 
hydrogen ( LH 0 ) and Jet A, the latter being the hydrocarbon fuel currently used in 
comrnere ia.l transport aircraft. 

Similarly, aerodynamic, weight and cost data were generated in parametric form 
to represent use of advanced techno] gies such as supercritical aerodynamics, ad- 
vanced r,t natural concepts and materials, active controls and advanced secondary 
systems. 


With baseline component characteristics established and expressed in parametric 
form , parametric vehicle studies were then carried out using ASSET (Advanced System 
Synthesis, and Evaluation Technique) at Lockheed-California Company and GASP (Gen- 
eral i zed Aircraft Sizing Program) at Lockheed-Georgia Company. These computer 
programs were used to determine performance capability, weight, cost, and signifi- 
cant design tradeoff's for both LH Q - fueled and Jet A-fuel ed aircraft representing 
the f'ul.l range of variables specified for evaluation. The results were analyzed to 
determine the most satisfactory design of each candidate aircraft coni iguration for 
each design range and payload. The l.H 2 fueled aircraft designs thus selected were 
then compared, with each other for the purpose of choosing a preferred, configuration 
which, following NASA review and approval, was then critically compared with the 
p gfgFenc e (Jet A) adrcraft in * Benef its Evaluation. ihe design data and sensi 
tivity tradeoffs, derived parametrically provided the basis for comparing the per- 
formance and economic potential of LH^ fueled long range transport aircraft with 
conventionally fueled aircraft of equivalent mission capability. 
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The characteristics of LH^ fueled aircraft sized to carry larger passenger pay 
loads were also determined. Aircraft designs capable of carrying 600 to 800 
passengers were established based on the selected configuration to determine the 
influence of size on aircraft operating characteristics and economics. 

Finally, a research and technology development program was formulated based 
on critical technology requirements identified during the study. 


In following sections, the work performed during the study is discussed and 
the results and conclusions are presented. In Section 3, the technologies which 
provided the basis for the parametric study are described. Section h presents 
data relative to passenger aircraft and Section 5 is devoted to cargo aircraft. 
The research and technology development program is discussed in Section 6. 
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SECTION 3 


TECHNOLOGY DESCRIPTION 

In this section the technologies are defined which formed the basis for the 
aircraft parametric studies described in Sections H and ‘j. 
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3.1. HYDROGEN SYSTEMS 

One of the purposes of this study was to explore the problems and possibilities 

quid hydrogen (lill 0 ) as the fuel for commercial transport air— 
'y investigation such as this, it was necessary to examine 
requi cements of hydrogen-related structure and equipment in order to establish 
r. hardware weights and costs, and to determine acceptable 
-oeedures which could be used as a basis for estimating costs. Gome 
i, re addressed in this brief discussion are: 

• Want, is the condition of hydrogen as it would be used on-boa, rd the aircraft? 

• How wli. L tin: routine field operations of an airline be affected as a result 
of using EH,, as the fuel? 

• What are the principal components, of the fuel system and what are their 
fuucti ons? 

• How will the fuel be carried in the aircraft? 

Gome of these questions will be treated in more detail, in subsequent sections. 

Kor eonveni.ence, a tabulation of some of the general physical properties of 
hydrogen is presented in Appendix A, along with a brief description of chemical 
properties. Reference [> is suggested as a convenient source for more specific data, 
on the thermophys LcaL properties of parahydrogen over a wide range of temperatures 
and pressures. 

The aircraft designs of this study were predicated on the basis that hydrogen 

is stored on board in liquid form at a nominal absolute pressure of .1.1*5 kPa (P.l. psla). 
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which corresponds to 
the hydrogen at this 
loss duo to boiloff, 
carry the LH 0 to the 


an equilibrium temperature of -251. 6 °C (-U21.3 F). To maintain 
cryogenic condition for extended periods without unacceptable 
the tanks are carefully insulated. Fuel lines and valves which 
engines are also heavily insulated. 


A conceptual diagram of the elements of an aircraft LUg fuel system is shown 
in Figure 2 (for a detailed description, see Paragraph 3.1.1). Nominal pressures 
and temperatures are shown on the diagram for each of the significant conditions 
which exist as the cryogenic fluid moves through the system from tank to engine 
combustion chamber. Tank-mounted, submerged pumps boost the pressure from the tank 
level to p)U kPa (35 psi.a) for delivery through the feed system as a sub-cooled 
.liquid to high pressure pumps mounted in each engine nacelle. There the pressure 
is raised to approximately 5160 kPa (750 psi) where, as a gas, it passes through a 
heat exchanger and picks up heat from a secondary coolant, e.g., a mixture of 
sodium and potassium (NaK), which has been used, to cool the engine high-pressure 
turbine stages. At this same point, another heat exchanger, also using an inter- 
m< si i.uti'r coolant, can be employed to cool, the air bled from the compressor to 
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pressurize the passenger and crew compartments, thus eliminating the need for 
conventional mechanical refrigeration equipment for an environmental control system 
(KOS). Accounting for the pressure drop through the heat exchangers, engine control 
valves, and fuel, injection system, the fuel reacts in the engine combustion chamber 
at the nominal design pressure of 35$0 kPa ( MO psi). 

As mentioned, the fuel tanks are carefully insulated to minimize loss of hydro- 
gen by boiloff and to prevent frost buildup on the external surfaces. During ser- 
vice, some Liquid hydrogen will be kept in the tanks at all times to maintain the 
system at cryogenic temperature, thus avoiding subjecting the tank structure and 
support system to extreme and repetitious temperature cycling, and eliminating the 
requirement for expensive and time-consuming chill— down and/or purge opeintions. 
Gaseous hydrogen, vented from the aircraft tanks to maintain design pressure during 
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e.g., when some type of major maintenance 
,em is required on the airplane, the tanks 
i but maintained at a pressure s Light Ly 
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5 them so Ives , or their insulation system, 
ented to the atmos phore and could, then be 
During the early service Liio of the air— 
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service, after cryogeni e tank design is 
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imary structure, i.t.*., normally performed 
operation, or rough.] y every two, or two 

d ‘.lire; raft are conceived as being not 
s . The equipment would be different of 
t i me p t j r function s h o u . 1 . d b e v i r t ua L ly t he 
i ( .1 n s in vo L vl n g q ua n t i ty / d L s t a n c e r e 1 at i o n- 
i e rs , i t is probabl e that , at least ini - 
requ.i red to refuel at a distance ol about 
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600 m (1800 ft) from passenger terminals. One concept of a feasible arrangement 
for an LH fueling terminal at an airport is described in Section 4.7.1. Aircraft 
WO u Ld be towed to the fueling area and a probe and droque-type connection estab- 
lished between a service tower and the fueling point located in the tail of the 
a.i.rp lane . 

During a routine fueling process, estimated to require about 30 minutes for a 
normal turn-around, cabin attendants can perform housekeeping chores, cargo can be 
Loaded, and food service stowed. Upon completion of these services the airplane 
would bo towed to the passenger terminal, the people boarded, and the flight would 
then be ready for takeoff. In the event of an unscheduled ground hold of significant 
duration, a truck-mounted mobile unit could be employed to top oft the tuel supply 
If roq u i rod . With properly designed equipment and scheduling ol operation^ thcie 
is no obvious reason a hydrogen- fue Led airplane should require more time for turn- 
: if • r > an (. j 1 1 \ an < • o rive nt i c ) n a 1 J e t A- f u e 1 ed a i. r c r r i f t . 


}.L.l LH Fuel System Description 

Dor the aircraft Involved in this study, the LHp f ue L system, illustrated in 

iri zed and insulated tanks (each 
1 lines to each of four turbo fan engines 
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I j rir . t/ or 'ill fuel tanks arid a 1 ightn i.rig-proteoted vent with fl?une arrestor which 
permits ov> >rboard discharge of gaseous boi loff at the top of the vertical tuii with— 
out the hazard of flame propagation back to the fuel tanks. This pressure was. 
selected as a compromise between a number of considerations inn hiding the need to 
eliminate the possibility of air entering the system, unnecessarily penalizing tan* 
weight., and minimizing flashing I on son. If the tank pressure drops below VPh kPa 
( | a pc. i a) because of exceptionally high engine fuel demand, a secondary absolute 
pressure regulator Located in the IJo. 4 engine feed line opens, allowing a small, 
amount, of fue 1 at pump discharge pressure to be vaporized by heat from the airframe 
heat loads before it is conveyed to the tanks through the norma L vent system. 
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In the event tank pressure exceeds 152 kPa (22 psi) above free stream ambient, 
a pressure relief valve opens to bleed off the excess pressure through the vent line 
flame arrestor. A tank rupture disc is also provided in the case of a dual failure 
of both the tank pressure regulator and the pressure relief valve. If, for any rea- 
son, the tank pressure falls below ambient outside pressure, suction relief is pro- 
vided at 1)4 kPa (2 psi) below .ambient to prevent collapse of the tanks. This condi- 
tion could only exist if all of the fuel had been exhausted during a descent and if 
the normal vent closure did not occur, or as a result of an extended ground standby 
with empty fuel tanks, again if the vent valve was not actuated properly. 

A boiloff recovery adaptor and valve are provided adjacent to the fueling 
adaptor to permit the operator to return gaseous boiloff to ground storage facilities 
for re liquefaction or use of the GH 0 in ground-based power units. This minimizes 
economic .Loss resulting from hydrogen boiloff during periods when the aircraft is 
out of service. 


Vent openings are located in the forward and aft ends of each tank. Float- 
operated vent valves in the opening nearest the vent box prevent fuel from flowing 
by gravity into the vent box. Liquid fuel, which collects in the vent box is drained, 
into the adjacent, fuel, tank through a float-operated drain valve. 

Propul sion Engine Feed System - Each fuel tank is normal ly connected to .its 
iuenfi cally numbered engine. However, a system of cross-feed valves permits any 
one tank to supply fuel to any engine if required or, by properly sequencing the 
operations of the cross-food and refueling valves, permits transfer of fuel irorti 
onu tank to ano i hnr . 

Two boost pumps are located in a surge box in each tank to ensure fuel avail- 
ability and to prevent fuel starvation during aircraft maneuvering at low fuel 
Love l.s • The boost pumps are designed to pump boiling hydrogen and to supply it to 
the main engine pumps in a subcooled state by means of vacuum- jacketed feed lino... . 
Ail. airframe and engine heat loads, with the exception of the tank pressurization 
heat Loach) , are added down:; treani of the high-pressure engine pumps. 

AhU Food System - The auxiliary power unit is operated on gaseous hydrogen, 
thereby minimizing boiloff losses during the considerable periods of APU operation 
while on the ground. APU feed is available from the common tank vent line. If 
insufficient, boiloff is released from the tanks, due to the presence of super- 
cooled hydrogen just subsequent, to refueling, operation of the No. 4 tan k - mounted 
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boost pump will maintain gas flow through the secondary coolant heat exchanger at 
kPa (.18 psia) to the APU. 

Refueling and. Defueling System - All tanks are refueled through a pair of 
pressure-fueling adaptors located at the bottom of the aft fuselage just aft of 
the tail bumper. Part of the refueling manifold is common with the No. 1 and No. 4 
engine feed lines (see Figure 3)* Inside each tank, a portion of the fueling mani- 
fold is perforated along its entire length to distribute the liquid hydrogen uni- 
formly over the tank walls, thus minimizing the tank wall thermal stresses. A dual 
fuel- l eve l, control pilot valve in each tank stops the flow of fuel to that tank when 
it has reached its full level at approximately 9 &% of total volume. Integral with 
the float valve is a soJenoid valve which permits manual or preset shut-off of the 
valve at any tank level and also prevents overfilling in the event of a float va.lve 

fai Lure:. 


Boiloff occurring during the refueling process is returned to a ground hydrogen 
recovery system by means of a line connected to the boiloff recovery adaptor which 
is located immediate Ly adjacent, to the ground fueling adaptors. Thus, during the 
fueling opera!, ion , no hydrogen vapors, are discharged overboard. 


Prior to . 
purged through 
r onio vo ;tl 1 ox.y 


fueling tanks that have contained air, the fueling syntem rnunt be 
he fueling adaptor by an inert medium (o.g. , gaseous nitrogen) to 
n, followed by gaseous hydrogen to remove all inerting gas. The 


rturpe ryotem w I ] L ui.i 1 I '/e 
pvi nor around the pronauro 


tho purpje (i.i rchurgo v<'i Lvr to dirchar^c tno f)arp , ,*‘ 

rolie^f vat. vo and overboard through the li^ntninp pro 


tod 


pof'ue.] i. may be 
or:; by opo rat, Lap the 
do f‘ue 1 od j nd i v i.dua 1 l.y 


?u.*(‘ompl i. nhed through 
boost pump:; with open 
or n imu 1. taneour J y . 


the defuol .Infi valve 
cror r-feed va l.v or . 


to the fuce!. in^ adapt - 
The tankr may be 


Fue l Jettison System - It is not expected that a jettison system wi.LL be re- 
quired; however , the requirement can be met by the system illustrated .in Figure 3. 
It operates in a manner similar to the defueling system except that the hydrogen is 
routed through jettison valves and flame arrestors installed in dump masts located 
at the wing trailing edge outboard of the No. 1 and No. 4 engine nacelles. A 
specific decision regarding the need for a jettison system should await a more com- 
plete definition of the ground rules fol lowed by a detail design study of the 
altornut i ves invo Lvod. 
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Fuel Quantity Indicating System - Capacitance gauges can be used to measure 
fuel volumes. The units would be calibrated to indicate fuel quantity in pounds at 
the fuel management panel and can be used in conjunction with the refuel pilot 
valve solenoids to load fuel to any predetermined level, or to shut down the refuel- 
ing operation when the tanks are full as a back-up to the float pilot valve. 

Fuel S ystem Design Considerations - As a design objective, fuel system compo- 
nents such as p imaps and valves will be designed for quick removal and field replace- 
ment in a manner commensurate with present commercial operation. System failure 
provisions should also provide for back-up of critical dispatch items as in current 
pract L ee. 

The broad aspects of flight safety require consideration and development of 
fuel system components and arrangement in terms of ma.l function and leak detection, 
isolation, inerting and/or purging and fire containment. Safety criteria and 
acceptable design practices must be established based on current practice and 
philosophy, but with due consideration of the unique properties of hydrogen. 

3.1.P \Al r) Tank Structural Concepts 

design of tanks to contain Liquid hydrogen efficiently in the subject aircraft 
is recognized as one of the cruel ai technical challenges. The task involves con- 
sideration of the? following: 

• Materials 

• Structural, concept 

• Lns u 1 .at i on ar r alignment 

• Inspection and maintenance capability 

• Purge requirements and capability 

Materials used for tank construction must be resistant to hydrogen embrittle- 
merit , impermoabJ e (or* capable ol being sealed) to gaseous hydrogen, and, de pending 
on the 1 nsulation arrangement , retain satisfactory ductility and fracture? res i stance 
at cryogenic' temperatures . In addition they must be amenable to repair find main- 
tenance. Structural concept selection must in turn consider problems of 

• differential, thermal, expansion, 

• heat; leaks to tank structure as a result of attachments, and 

• ma t o r ,i a Is c ompat i bill ty 
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in addition to the fundamental problem of design for light weight while maintaining 
a dp qu ate struct ur a I integrity. 

The influence of differential thermal expansion on aircraft structure is depen- 
dent on the insulation system employed for the fuel tanks. If cryogenic insulation 
is applied to the inside of the tanks, the tank walls remain at near-ambient temper- 
ature so differential thermal expansion, relative to the warm aircraft skin and 
primary structure, is minimized. Similarly, the problems of attachment and support 
for the tanks are simplified. On the other hand, if conditions require the cryogenic 
insulation to be applied to the exterior of the fuel tanks, the tank itself will 
significantly contract and expand as LH,, at -252.8c (-423°F) is introduced and used. 
Attachment problems are therefore severe, not only because of the dimensional, changes 
which must be accounted for, but also because of the thermal "short" which may 
real] It,. 

The necessity of being able to inspect the tanks and to satisfactorily maintain 
tiiem to air Line standards Is an aspect which cannot, be overlooked. Finally, in 
those designs where the fuel tanks are within the aircraft framework and where it 
is therefore possible for Leaking gaseous hydrogen to collect in a confined space, 
provision must, be made for a purge system using either an inert gas or copious 
quaii l\ t i. ot“ air. 

Two basic types of tank designs were considered in the light, of these requl.ro- 
ment.s for the subject applications: integral, where the tank serves both as the 

cent, ai. tier of the fuel and also carries the fuselage structural loads; and non- 
integrul , in which case the tank merely contains the fuel and a separate structure 
h . provides! to resist fuselage axial, bending, and shear loads. It might i immediately 
bo concluded that if there was a reasonable chance of designing a structure to per- 
form two separate functions, where the structural requirements of the two did not 
result, in directly additive stresses, the choice between integral and nonintegral 
wou.lcl bt? simple. 

This, is Indeed the case, and in a previous study, the study of hydrogon-fue Led 
supersonic transport aircraft documented in reference 6, it was found that the 
integral tank concept offered attractive advantages, both in weight and in volu- 
metric efficiency. However, there are significant differences in the design condi- 
tions between a supersonic transport aircraft and a subsonic vehicle. For example, 
in the present study of long-range subsonic transport aircraft, the flight duration 
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is so long relative to that of the supersonic transport in the reference study, a 
comparison of 11.5 hours for a 10,200 km (5500 n.mi) mission vs. less than 3*t> hours 
for a 7,780 km ( 4200 n.mi) mission, it was felt the effect of heat leak through tank 
support structure, significantly greater for the integral concept, might over- 
balance some of the other considerations. Subsequent investigation found however, 
that although the heat loss attributable to the tank supports of the integral con- 
cept was larger than that through the pin joints of the nonintogral design, it was 
still a small fraction of the total and not of major significance. Another factor 
of major difference, the thermal environment at cruise condition, will be discussed 
later . 

The integral, tank concept is pictured in Figure 4. The sketch shows the basic 
tank is aluminum alloy skin (2219) with longitudinal stringers on the inside and 
with circular frames at 0.508 m (20 in) spacing. A bulkhead to dampen fuel slosh 
ls Located every 5.08 rn (200 in) along the length of the tank. The tank is encased 
in a rigid, closed-cell plastic foam for cryogenic insulation which in turn is en- 
closed in a secondary vapor shield to prevent cryopumping in the event the foam 
insulation develops a crack. The tank is structural.! y connected to the aircraft 
fuselage by a truss- 1 i ke interconnect structure consisting of a series of boron- 
reinforced fiberglass tubes of special des Lgn which were developed by Lockheed 
Missiles and 2 pace Company in a separate study (Reference 7). This design of truss 
member was selected because it appears to offer maximum stiffness for minimum weight 
and minimum heat; transfer. 

A fi berglass sheath coverts the entire tank, insulation, an d support structure 
assembly to provide mechanical protection for the foam insulation and its vapor 
shield. in the event either the foam insulation or the aluminum tank requires re- 
pair, the fiberglass sheath would simply be cut away .Locally and then patched upon 
completion of the work. Inspection of the tank structure can be accomplished from 
Inside the* tank. A erawlho.Le can be provided in either end. 

The nonintogral tank concept is illustrated in Figure 5. The difference; in 
the two designs is apparent , particularly in the method of support. In the non- 
integral concept the tank is simply a bladder which contains the fuel, resists 
internal pressure, and supports the weight of the fuel between four pin joints, two 
on either side. The pin joints are designed in the same manner as engine mounts 
to permit thermal, expansion and contraction between the load points, yet otter firm 
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Figure 4 . Integral Tank Concept 
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Figure 5. Non-Integral Tank Concept 




mechanical support. The diagram in the lower right hand corner of the figure 
illustrates the degrees of freedom at each of the support points. 

Thc> bladder tank does not have longitudinal stringers; it depends on the rigid 
foam insuLation, bonded to the welded aluminum tank, for resistnace to shear and 
compression buckling. A few circular frames are provided to maintain the tank shape 
and for baffles as required. Frames are also located at the pin support points. 

Conventional fuselage skin/stringer/frame construction encloses the tank and 
provides its support. In order that inspection and maintenance can be performed 
on the tank and the insulation, it is necessary to provide a break point in the 
fuselage so i.t can be separated. The tank is then removed by sliding it out on a 
special rail built into the fuselage. 

Comparing the two tank design concepts, the advantages of the integral art; 
obvious. The tank structure and insulation are both easily inspected and main- 
tained. it is not necessary to take the airplane apart to accomplish either. The 
volumetric efficiency advantage of the integral design is apparent when it is con- 
sidered that an annular volume equal to the width of the fuselage frames in the 
non integral case, plus, approximately an inch for clearance on the radius, multi- 
plied by the length of the tank less its ends, is lost to the nonintegral concept. 
Numerica I ly , comparisons of volumetric efficiency and that of tankage-weight fraction 
. ] i 1 us t, rated, by the following data from the report of Reference 0. 


Tank Concept 



Non! ntcgral 

Integra.] 

V o !. urn*. ? L r 1 o f 1 f ficio nc.y 

0.855 

0.9C7 

L ! an k i 1 - w o i. g h t , f r a e t ion 

0 Jt 08 

o. Mo 


Volumetric efficiency is defined as the ratio of usable tank volume- to- volume 
occupied i.n the fuselage. Tankage-weight fraction is the ratio of the weight of the 
tank, insulation, and support structure to the weight of the hydrogen contained in 
the tank. It is recognized, of course, that the weight fractions for both tank con- 
cepts would be- lower in a subsonic airplane application because of elimination of 
the requirement for the high temperature heat shield. Accordingly, the weight ad- 
vantage for the integral tank design in subsonic transport aircraft would be a 
stria 1 1 er percentage . 
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On the basis of this experience; and these conclusions it was decided that the 
integral tank concept would be used wherever possible in the design studies of sub- 
sonic l,H transport aircraft. However, as reported in Section 5, it was found tint 
there were overriding considerations in the case of the cargo aircraft which Led to 
use of special designs of nonintegral tanks. 


3.1.3 LH 0 Tank Insulation System 



The fundamental requirements for the insulation applied to the LH ? aircraft- 
tanks are l) to control hydrogen boiioff to acceptable levels, and 2) to eliminat 
or minimize frost buildup on the external surfaces. Criteria for se. Lection oi a 
candidate system for use in the present study were 

• Weight 

• Cost 

• M a 1 n t a i n ab i 1 :L ty 


• Do vo I o pm e n t s t at us 

As previously mentioned, an ideal cryogenic insulation could be applied <-■ idle i 
to the inside or the outside of the tank. There are advantages and di s advantages, to 
both. in the case of internal insulation the advantage is in having a tank structur 
vanch is relatively conventional. The problem is that the insualtion system, being 
constantly exposed to the hydrogen, must be impermeable so CH 0 cannot di ffuse to the 
tank wall, tneroby raising the thermal, conductivity coefficient, of the InsuLatiori 
to that of hydrogen and (‘rippling its effectiveness. The external insulation 
approach presents the opposite set of p rob Lems, the insulation is exposed to the 
Urns r.i gorous rv-qu j foment of preventing eryopurnping winch would occur if air 
diffuse;! tli rough the insulation and contuc ted the cold tank wall. However , attach- 
ment to and support of the tank structure becomes a problem, as does routine 
i asp- e:1. i on of the tank. 


Cryogenic insulation systems that nave been developed for use in ground trim: 
port. at, i on and ground storage applications use Linde Super insulation , which is a 
double wal.L, evacuated annulus containing multiple Layers of highly reflective 
material. Unfortunately, it is too heavy for aircraft application and the proba- 
bility of maintaining a satisfactory vacuum in the very large surface area of the 
annular jacket around a fuel tank for long periods with a lighter weight version 
of the existing design concept is not high. Moreover, Superinsulation also 
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represents a degree of thermal protection which is probably not necessary for air- 
craft use. 

On the basis of work to date, the rigid foam insulants listed in Table 8, 

Section 3.5, seem to offer the most attractive potential for aircraft applications. 

The polyvinylchloride, reinforced polyurethane, and polymethacrylimide closed-cell 
foams are all promising candidates. These are none, however, which are impervious 
to GH ? so consideration of the internal insulation system must await development of 
a suitable material. Accordingly, attention in this study was focused on the 
external insulation system. The characteristics of Rohacell 4lS, the polymethacry- 
limide foam with fire retardant additives, were used to represent this general 
category of insulant in the parametric design study. 

A design study was carried out to determine the thickness of insulation which 
should be applied to the outside of the hydrogen tanks of the subject aircraft to 
provide best thermal protection for least weight and cost. Preliminary sizing 
analysis provided characteristic data for a 10,190 km (5500 n.mi) range, M 0.85, 

U00 passenger airplane to use as a basis for the insulation thickness study. 

The starting point was to derive the conventional tradeoff between insulation 
thickness and weight for both the insulation material and the boiloff hydrogen during 
flight. The result is shown in Figure 6. Minimum combined weight oi insulation 
plus boiloff occurs at approximately 100 mm (4 in) of insulation. 

Figure Y translates insulation thickness into terms of airplane gross weight, 
block fuel required, and airplane production price. The data shown were calculated 
as an iteration of a preliminary sizing point vehicle, adjusting empty weights m 
accordance with the various insulation thicknesses, and accounting for the boiloff 
of hydrogen in flight. A very slight shift of the optimum point in the curves can 
be noted, showing a preferred thickness of insulation to be just in excess of 100 mm 

(4 in. ) . 

The next step was to determine the limitations on insulation thickness which 
might be imposed by ground-hold conditions; specifically, the possibility of frost 
buildup on the external surface of the insulation, the the GHg boiloff rate while 
the aircraft is on the ground. These results of the analysis of the temperature of 
the external surface of the insulation are shown in Figure 8 . The curve indicates 
there is no problem with frost buildup, the minimum temperature of the external 
surface of the insulation is about 23.4 C (45 F) with 100 mm (4 inches) of insulation 
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Figure 7. Effect of Insulation Thickness on Vehicle Characteristics 
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Figure 8. Insulation Surface Temperature vs. Insulation Thickness 
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Figure 9. Ground Boiloff Rates vs. Insulation Thickness 





Figure 9 shows the boiloff rate for various thicknesses of insulation as a function 
of quantity of fuel in the tank. Although the slopes are not great, the results 
indicate a small payoff for storing the aircraft during out-of-service periods with 
only small quantities of in the tanks. 


The final step in this analysis is shown in Figure 10, a plot which considers 
the economic aspects of the question. Airplane cost, amortized over 15 years and 
used an average of 3285 hours per year over that period, is plotted along with cost 
of block fuel and cost of hydrogen boiled off both during flight and on the ground, 
in terms of cost per flight hour as a function of insulation thickness. The mini- 
mum point in the top line, the cumulative effect of all factors, occurs at an 
insulation thickness of about l65 «nm (6.5 in.). These results were obtained on the 
basis of no recovery of boiled-off hydrogen on the ground, e.g. , as if vent gases 
were simply allowed to escape. In comparison, the minimum point in the second 
curve from the top, which includes in-flight boiloff but in effect assumes 100 per- 
cent recovery of ground boiloff, occurs at about 1 Uo mm (5.5 in.) of insulation 
thickness . It also shows that recovery of ground boiloff hydrogen can make a dif- 
ference of about $68/ flight hour based on a cost of Ul ? of $8 per 1.0'b'h GJ ( 10 Btu, 
the baseline cost selected for use in this study. 


Based on these results a nominal thickness of 152 
w.as selected to serve as a basis for performance and cost 
craft, in this study. 


(6 in.) of foam insulation 
evaluations of the air- 


's . 2 PHOFUI.G I ON 

Engine cycles considered in this study were efficient, high bypass ratio turbo- 
fan engines of an advanced design which could be available for initial use in 1990. 

liven though Lit, and .let A fueled subsonic transports require the same basic typr 
of turbine engines, the engine designs are different. The temperature of the air 
conveniently available to cool the turbines of the Jet A fueled engines is essen- 
tially the temperature of the compressor discharge. Maximum metal temperature 
restrictions and the limited heat sink potential of the compressor discharge air 
thus restricts both the maximum compression ratio and the maximum turbine tempera- 
ture available for Jet A fueled engine design. 
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The cryogenic hydrogen of the LHp fueled aircraft provides a large heat sink 
which can be used for precooling the air or other medium used for turbine cooling. 
Therefore, unconstrained by other limits, the LHp fueled engine's compression ratio 
and turbine inlet temperature can be independently selected for the optimum overall 
propulsion performance. Practical limits of overall compression ratios and turbine 
inlet temperatures appear to be H0:1 and 2093 C ( 3800 P ), respectively (see 1'ig— 
ure 11) for engines which might be developed in the 1980's. However, selection 
of the best cycle parameters for subsonic transport aircraft depends upon a pui am— 
el.rie evaluation related to mission requirements. 


Although some advanced design Jet A fueled subsonic transport engine data were 
available from the Advanced Technology Transport (ATT) study, e.g., the P&WA S'L'l* 4.33 , 
those data were developed for a near Mach 1.0 transport and thus were biased for 
the higher speed aircraft design. Further, no comparable LHp fueled engine data 
were available, 'therefore, in the interest of direct comparability and cycle 
optimization, Lockheed conducted its own cycle optimization study and generated the 
propulsion data for both the Jet A and LHp fueled engines used in the study using 
propulsion installation subroutines and the SYNT1IA engine cycle program. In con- 
junction with the JYN'L'HA Corporation, Lockheed had previously established bYIllHA 
subroutines to properly represent the thermodynamic properties of combur.ti.on of 
oi;, nor Jet A or hydrogen with air. Component efficiencies and technology forecasts 
for l 98 L state-of-the-art are shown in Table 2. The forecasts are based on data and 
trends discussed below. Also shown are one engine supplier's projection made avail- 
a b 1 1 % i\ > r an < 1 a r t I a r lu dy . 

Wai le the eventual component performance levels achieved depend on the sustained 
Levels of economic support for development, the Lockheed assumptions are believed 
reasonable. Crnail changes from these assumed levels will not materially affect the 
comparisons made between the performance of Jet A and LHp fueled aircraft. 

Three basic methods were considered for cooling the turbines of the LHp fueled 
engine : (l) aircooling with compressor discharge air; (2) aircooling with compressor 

discharge air using a H,-to-air heat exchanger to chill the turbine cooling air; and 
(i) liquid metal cooling used in a closed loop with a Hp-to-liquid metal heat ex- 
changer. in the interest of simplification Lockheed assumed a liquid metal turbine 
cooling scheme for all i,H 0 fueled engine flight performance. The lower high-pressure 
turbine efficiency used for the Jet A engine in Table 2 reflects the use of com- 
pressor discharge cooling air for that engine. 
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TABLE 2. PROPULSION TECHNOLOGY FORECAST 
FOR 1985 STATE-OF-ART 





ENGINE SUPPLIER 




FORECAST FOR 




1980-1985 


LOCKHEED FORECAST 

FROM PREVIOUS 


FOR PRESENT STUDY 

STUDY 


lh 2 

Jet A 


Fan Polytropic 

Efficiency (max) 

91 * 

91 % 

85 - 91% 

Compr e s s or Po ly t r 0 pic 
Efficiency (max) 

92% 

92 % 

92 . 5 % 

Turbine Adiabatic 
Efficiency 

HP 91% 
LP 91% 

HP 90% 
LP 91% 

90 - 92% 

Combustion E fficiency 

100% 

100% 

V2. 

O 

O 

Combustion Pressure Loss 

U . 5% 

4 . 9% 

6% 


Thf; Sens-Mf;yer paper (Reference 8) discusses current gas turbine design trends 
and speculates on the next generation of aircraft powerplants . The paper predicts 
gas turbine thrus t/weight (T/W) values around 8 for the 198 O -85 time period. Based 
J on th ese and other data from studies such as Advanced Technology Transport (ATT) and 
the Quiet Clean STO!. Experimental Engine (QCSEE) program, a thrust-to-weight 1 atio 
uV approximately ( was selected as a reasonable value for quieted, high bypass ratio 
engines which might be developed in the Late .L980's. 

8 . 2 . 1 Cycle Selection 

A par, -metric study was made to select the best fan pressure ratio, overall 
pressure ratio, and turbine inlet temperature for the subject subsonic transport 
aircraft. The following figures present the results of this study. Figure 12 
shows the parametric effects of fan pressure ratio at a constant turbine inlet 
temperature and a constant overall pressure ratio without cowl drag. These data 
<- how how overall efficiency increases with fan pressure ratio and Mach number when 
cowl drag is ignored. However, Figure 13 shows that when cowl drag is included m 
the parametric analysis, then fan pressure ratio optimises as a function of Mach 
number and the overall efficiency reaches a maximum near the flight speed where 



DESIGN MACH NUMBER 


Figure 12. Effect of Fan Pressure Ratio on Overall Efficiency 
vs. Mach Number - No Cowl Drag 



OVERALL EFFICIENCY 



DESIGN MACH NUMBER 


igure 13. Effect of Fan Pressure Ratio on Overall Efficiency 
vs . Mach Number - Cowl Drag Included 



the cowl drag rise occurs. Figure lk shows that overall efficiency increases 2 per- 
cent to 3 percent as overall pressure ratio is increased from 30 to 35. The propul- 
sion pod drag used in these studies is presented in Figure 15 and is based on 
Reference 9- 

Figure l6 shows that at a constant fan pressure ratio and a constant overall 
pressure ratio, overall efficiency decreases slightly as turbine inlet temperature 
increases from 13T1°C (2500°F) to 1593°C (2900°F). Based on these data, there is 
no incentive to increase the turbine temperatures of advanced high bypass turbofans 
above the turbine inlet temperatures of current high bypass turbofans (see Fig- 
ure 11). Figure: 17 shows the effect of the low pressure turbine energy split 
between the fan duct and the primary engine exhaust. High energy into the primary 
exhaust results in low bypass ratios and high energy in the fan results in high 
bypass ratios. It can be seen from the curve that overall efficiency optimizes 
near the condition where the fan jet and primary jet velocities are equal. 


3.2. f? Cy c Le Design Point 

The: selected cycle design point for both the Jet A and LHp fueled engine:; was 
sea level static, standard day. The basic cycle assumptions are defined in 
Table 3. As noted, the cycle was sot to provide a primary and fan stream exhaust 
velocity match at this condition. Table 3 also defines the engine component 
p f f i : i o t ic i pc c> o j e c* 1 ed. from the cycle unalyr lc study and used in the del, A and 
pyp i p performance development. Every effort was made to keep the hydroeai bon and 
hydrogen fue Led engine cycle definitions as consistent as possible to prevent 
unrelated differences from biasing the study. 

The engine base size was set at 155.7 ktl (35,000 pounds) of installed net 
thrust. This performance level was achieved with a design turbine inlet tempera- 
ture of lM6°C (2580°F) and an overall cycle pressure ratio (CPR) of 35.0. While 
higher CPH's would probably be available by 1985, it becomes more difficult to 
achieve high compressor efficiencies because of tolerance and sealing considerations 
in the relat i.vely sma.l 1 gas generator . The fan stream and pi imary jet velocities 
matched at 25 U .5 m/s (835 ft/sec) and the resulting bypass ratio ( BPR ) , at SLb, is 
approximately 13 for the 1,H^ fueled engine and 11 for the JET A fueled engine. For 
the cruise condition the BPR values are 13.5 and 11.6, nearly at peak thermal 
efficiency as can be seen from Figure 17. 

After a careful review of the available literature and accounting for weight, 
performance and acoustical criteria, a single stage fan was selected with a design 
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OVERALL EFFICIENCY 
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Figure l4 . Effect of Cycle Pressure Ratio on Overall Efficiency 
vs . Mach Number - Cowl Drag Included 
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igure lo. Effect of Turbine Inlet Temperature on Overall Efficiency 
vs. Mach Number - Cowl Drag Included 
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TABLE 3. ENGINE DESIGN POINT DATA, SEA LEVEL STATIC 


STANDARD DAY 


I. BASE SIZE ENGINE 

INSTALLED NET THRUST 
INSTALLED S.F.C. 

TURBINE INLET TEMPERATURE 
BYPASS RATIO 
OVERALL PRESSURE RATIO 
JET EXHAUST VELOCITY 


HYDROGEN FUELED 


HYDROCARBON FUELED 


155.7 kN (35000 lb) 

0.092 kg/HR/daN (0.094 Ib/hr/lb ) 

1 41 6°C (3040° R I 

12.95 
35.0 

254.5 m/sec (835 ft/sec 

(Vj PRI & V] 
DUCT MATCHED 
@ SLS) 


155.7 kN (35000 1b} 

0.275 kg/HR/daN (0.281 Ib/hr/lb} 
1416°C (3040°R) 

10.90 

35.0 

254.5 m/s (835 ft/sec) 


II. 


FAN DESIGN 
STAGES 


stages rr — , 

AIRFLOW -Wa Vj /§ r 

PRESSURE RATIO z / *2 

POLYTROPIC EFFICIENCY 

DIAMETER 

TIP VELOCITY 

FAN FACE MACH NO. 

HUB/TIP RATIO 


616.9 kg/sec 

2.144 m 
423.7m/sec 


1 

(1360 lb/sec} 

1.51 

91% 

(84.4 in.} 
(1390 ft/sec) 
0.56 
0.35 


1 

615.1 kg/sec (1356 ft /sec} 

1.51 
91% 

2.144 M (84.4 in.) 

423.7 m/sec (1 390 ft/sec) 

0.56 
0.35 


III. COMPRESSOR DESIGN 

COMPRESSOR PRESSURE RATIO 
POLYTROPIC EFFICIENCY 
AIRFLOW 


43.5 kg/sec 


23.3 

92.0% 

(96 lb/sec) 


23.3 

92.0% 

51.3 kg/sec (113 lb/sec) 


IV. COMBUSTOR 

EFFICIENCY 

TOTAL PRESSURE LOSS 


100 % 

4.5% 


100% 

4.5% 


V. HIGH PRESSURE TURBINE 

PRESSURE RATIO 
STAGES 

ADIABATIC EFFICIENCY 
COOLING AIR 


4.6 

2 

90% 

5% 


VI. LOW PRESSURE TURBINE 

PRESSURE RATIO 
STAGES 

ADIABATIC EFFICIENCY 
COOLING AIR 


7.4 

4 

91% 

0 


6.2 

4 

91% 

0 


VII. NOZZLE DESIGN 
CONFIGURATION 

PERFORMANCE - (VEL. COEF.) 

A. PRIMARY C v 

B. FAN C v 

VIII. ACOUSTIC TREATMENT 

A. INLET 

B. EXHAUST - 

1. FAN DUCT 

2. PRIMARY 

IX. NACELL GEOMETRY 
MAXIMUM DIAMETER 
OVERALL LENGTH 
INLET HIGHLIGHT DIAMETER 
INLET THROAT DIAMETER 
CRUISE THROAT MACH 
NUMBER 


COPLANER, FIXED 
CONVERGENT NOZZLE 


0.995 

0.995 


VARIABLE GEOMETRY THROAT - 
THROAT MACH = 0.8 DURING TAKEOFF 
AND APPROACH, INLETWALL 
TREATMENT 


ALL TREATMENT ON BOTH CORE 
ENGINE AND OUTER WALL, ONE 
TREATED DUCT RING 
WALL TREATMENT 


2.69 m (106 in.) 

7.19 m (283 in.) 

2.18 m (86 in.) 

1.98 m (78 in.) 

0.73 


SAME 

0.995 

0.995 

SAME 

SAME 

SAME 

SAME 


k?- 



fan pressure ratio (FPR) of 1*5 and a tip speed of approximately 423.7 m/s 
(1390 ft/sec). The fan design point performance was based on a 91 percent poly- 
tropic efficiency which should be achievable by 1985- A fan face Mach number of 
0.56 and a hub/tip ratio of 0.35 were chosen for the basic fan design. These 
values are consistent with current single stage fan designs. The resulting fan 
performance provides an air flow rate of approximately 6 lY kg/s (.1360 lb/sec) at 
SLS and a maximum tip diameterof 2.14 m (84.4 in.). This diameter is near maximum 
from a practical standpoint since a QEC diameter of 2.44 m (96 inches) is the maxi- 
mum allowable for highway transportation. 

Having set both the overall compressor pressure ratio of 35 •0_. and the fan 
pressure ratio of L.5, a compressor pressure ratio of 23.3 results. The compressor 
has a 92 percent polytropic efficiency and an air flow rate of approximately 45.4 kg/s 
(lOO Ib/sec). This compressor pressure ratio is achieved with a ten to twelve stage 
variable geometry stator design resulting in an average pressure rise of 1.37 to 
1.30 per stage. 

A combustor efficiency of 100 percent and a total pressure loss of 4.5 percent 
were used for both engine designs. The 0H o high pressure turbine is designed to 
have a 3.9 pressure ratio at the design point and an overall adiabatic efficiency 
of 91 percent. The heat capacity of the liquid hydrogen is utilized, via an inter- 
mediate coolant, to cool the turbine blades and reLated nozzle guide vanes. The 
Jet A fueled engine has a slightly different high pressure turbine design having a 
pressure ratio of 4.b and a 90 percent udiabetic efficiency ( 1 percent less than 
the 1 111. fueled turbine design). The Jet A fueled engine employs a more conventional 
design using 5 percent primary air flow to meet the turbine cooling requirements . 

The use of compressor discharge air to ooo.l the turbine accounts for the difference 
in the turbine efficiency and design BPR , relative to the LIi 0 fueled engine. This 
is because the Jet A fueled gas generator has to be slightly larger to compensate 
for the cycle energy Lord, in cooling the turbine. 

The low pressure turbine consists of four stages, having an overall adiabatic 
efficiency of 91 percent and requires no cooling air flow. The LH^ fueled engine 
has a design pressure ratio of 7-4 as a result of the higher BPR, compared to 6.2 for 
the Jet A fueled engine. Both the primary and fan stream nozzles have a 99-5 per- 
e e n t n o z z 1 c 1 vc l o c i ty c o e f f i c i e n t . 

The engine is controlled by scheduling the compressor rotor speed as a function 
of 1 turbine inlet temperature (TIT) to provide a relatively constant corrected gas 
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flow to the low pressure turbine. The fan speed, is allowed to balance out in the 
resulting cycle condition. The only limiter used is a maximum fan speed of 108 per 
cent which affects a few high altitude, low Mach number flight conditions. 


3.2.3 Macelle Design 

The overall nacelle design and engine installation arrangement is shown in 
Figure l8. In attempting to achieve the noise goals of FAR Part 36 minus 20 KPNdB 
and the 5.18 km 2 (2 mi 2 .) area of the 90 EPNdB contour, the nacelle was designed 
with a variable geometry inlet, and included inner and outer fan duct wall acoustic 
Lining and one annular treated ring extending the full length of the duct. The 
inlet throat was sized to provide a throat Mach number of approximately 0.(8 at the 
cruise flight condition. However, during takeoff and approach the inlet throat 
contracts to provide a 0.8 to 0.85 throat Mach number. The inlet lip configuration 
matches closely one used in the L-10.ll design; however, the inlet length had to be 
increased significantly (approximately 60 percent relative to the L-lOli) to allow 
for the mechanical aspects of the variable geometry design. The nacelle has co- 
planer exhaust nozzles and employs a clam shell type reverser. It was assumed that, 
the fan design would have no inlet guide vanes (IGV) and a rotor-to-stator spacing 
of approximately three times the fan tip axial Length. It was further assumed that 
no compressor noise would radiate forward because of the high inlet throat Mach 
number during takeoff and approach, and the turbine was designed with appropriate 
rotor/stator relationships and treatment no that turbine noise would not be a factor. 
For a description of the methods used in calculating noise levels, see Section b.8.2. 

The base] i, ne propulsion system weight, buildup is defined in Table )| lor a wing 
pod configuration. The engine weight was based on a predicted thrus t-to-wei ght 
ratio of 'f.Ob daN/kg (Y- 2 Lbf/lbm). This level should be achieved by 1.985 since 
current high BPR engines have thrus t-to-weight ratios of from 4.9 to 5.9 daN/kg 
(5 to 6 lbf/lbm). The total pod weight of 1*291 kg (9**60 pounds) provides a nacelle 
thrus t-to-weight ratio of approximately 3.65 daN/kg (3.Y lbf/lbm). 61 nee current 
installations have thrus t-to-weight ratios of 2.94 to 3.43 daN/kg (3 to 3.5 lbf/lbm), 
it wa£5 assumed that a 3.63 daN/kg ( 3. Y Lbf/lbm) engine T/W ratio would be achievable 

with the variable geometry .inlet by 1985* 

The baseline engine can be scaled over a thrust range from 11,100 to 20,000 daH 
(25,000 to 1*5,000 pounds) of installed SLS takeoff thrust without significant dis- 
crepancy. The physical nacelle/engine scaling factors used are also shown in 
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ENGINE DESIGN CONDITION: SLS, TIT = 1416°C (3040°R), FPR = 1.5, OAPR = 35 
BASE THRUST = 15,570 daN (35,000 LB) - INSTALLED 
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TABLE 4. BASELINE PROPULSION SYSTEM WEIGHT 


Base Thrust = 15,570 daN (35,000 lb) (SLS, Installed) 
TIT = lkl6°C (30hO°R) OAPR = 35.0 


Fan Pressure Ratio - 1*51 

ITEM 


Rare Engine 

A frees series and Gearbox 
[ n S. et , Variable Geometry 

Mounting Brackets and Pylon Splitter Fairing 


Nace 1 1 e 

Gas Generator Cowl. and. Tail Pipe 
Fan Duct Acoustic Ring 


Thrust Reverse*- 

Total Pod Weight /Engine 

N AC El, I ,E SCAPING DATA 

F, 


1 . 07 


N 


,'ir. 


V/T. Pf)l) = POD 


SLS 


(REE) 


N 


SLS (REF )> 


0.50 


IHA. = S)IA^ t ^ 


il.S 


(REF) V F 


(REF)> 


1 . 0Y 


LENGTH = LENGTH ( REp ) 


Not 


N SI.S (REF). 


kg 

2440.4 

217.7 

455.9 

90.7 

449.1 

23.1 . 3 


124.7 


28l.: 


4 ,29! .0 




Table h and are generally consistent with the current industry preliminary design 
performance data. 

3 . 2 . h Installed Performance 

The installed propulsion system performance was developed using the SYNTHA 
engine cycle program with the previously described desing point data and off design 
characteristics of current high bypass ratio engines. The installed, data are based 
on the inlet recovery shown in Figure 19. The inlet performance reflects Lockheed 
subsonic inlet experience and accounts for all normal internal losses, plus those 
associated with the variable geometry throat. A fan stream total pressure loss of 
3 percent was used to account for the fan exhaust stream losses, including the 
acoustic ring and related blockage. The primary exhaust stream was debted for a 

0. 5 percent total pressure loss. The data are based on a lower heat value of 
42,830 kd/kg (.18,1)00 BTU/ib) for Jot A fuel and 120,090 kJ/kg (51,590 BTIJ/lb) for 

1, H fuel, 'i'ho compressor bleed and power extraction are shown in Table 5 • 


TABLE 5. COMPRESSOR BLEED AND POWER EXTRACTION 


ALTITUDE 
METERS (FEET) 

COMPRESSOR BLEED 
% CORE AIRFLOW 

POWER EXTRACTION 
KILOWATTS 

0 ( 0 ) 

1.70 

93.2 (125 HP) 

o 

o 

o 

LT\ 

OJ 

lt\ 

2.04 

93.2 (125 HP) 

S 0 H 8 ( 1 0000 ) 

2.39 

93.2 (125 HP) 

1*572 (15000) 

2.73 

93.2 (125 HP) 

6096 ( 20000 ) 

3.07 

93.2 (125 HP) 

7620 ( 25000 ) 

3.42 

93.2 (125 HP) 

9144 (30000) 

3.76 

93.2 (125 HP) 

10668 (35000) 

4.09 

93.2 (125 HP) 

1 . 21.92 ( 1 * 0000 ) 

It. 44 

93.2 (125 HP) 

13716 ( 1 * 5000 ) 

4.77 

93.2 (125 HP) 
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= 0.2 AND ABOVE 
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Figure 19 . Wing Pod Inlet Total Pressure Recovery - Variable Geometry Throat 




Because the aircraft takeoff design condition was 30^. 8M (1000 ft) altitude at 
32.6° C (90° F) the engines were flat-rated to provide full thrust at this ambient 
temperature. Figures 20 and 21 present takeoff thrust vs Mach number for both 
engines. A cruise SFC comparison is shown in Figure 22 between the P&W JT9D and 
the Jet A and LH^ fueled engines derived for this study. Note the Jet A fueled 1985 
state-of-the-art engine has approximately 13 percent lower cruise SFC than the cur- 
rent engine. The SFC difference between the Jet A and LH 0 fueled engines is primarily 
due to the higher gravimetric heating value of the LH^. Figures 23 and 23 present 
installed part power cruise SFC vs thrust for both the Jet A and LHp fueled engines 
at 10,670 m (35,000 ft). 


3.3 AERODYNAMICS 

The aerodynamic drag buildup procedures and mission analysis techniques employed 
for the passenger and the cargo aircraft in this study are very similar. The small 
difference:; which exist will not influence the conclusions of the study since a com- 
parison of aircraft designed for the two types of missions was not intended. Such 
a comparison would not be realistic anyway, since cargo aircraft are generally 
designed to slightly different criteria than passenger aircraft in other technology 
areas also. Conclusions regarding configuration differences arising from the use 
of LH in Lieu of Jet A are valid for either type of aircraft and are relatively 
i risen:; i t ve to any small differences in computational techniques or design criteria. 

-;. 3.1 Passenger A i rcraft Acrodynami es 

The aerodynamics data for passenger aircraft developed for this study reflects 
"state-of-the-art" wide body Tristar flight test derived data, incremented by avail- 
able unclassified "supercritical" data to project the potential of advanced tech- 
nology design practices. These parametric data build-up procedures were applied to 
the cruise and off-cruise Mach number drag polar determination; take-off, approach, 
and landing pol.urs; and Cj for variations in all transport aircraft geometric 
and flight variables. Zero lift friction drag was estimated, using current practices 
through the variables of flight Reynold's number, form factors, and roughness incre- 
ments for each aircraft component. 



LBS x 10’ 



FLIGHT MACH NUMBER 


Figure 20. Installed Thrust vs. Mach Number - TaJceoff Rating 
Jet A Fueled Engine 
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Figure 21. Installed Thrust vs. Mach Number - Takeoff Rating 
LH Fueled Engine 


MACH 0.85, 10,670m (35,000 FT.) 
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22. Comparative Engine Cruise Performance - Mach 








3- 3.1-1 Cruise and Off-Cruise Drag Polar Build-up Procedures - In arriving at a 
basis for predicting the predrag and postdrag rise characteristics of the parametric 
hydrogen fueled transports incorporating advanced technology "supercritical" wings, 
relationships were derived between "state-of-the-art" and "supercritical" technology 
using theory, 2-dimensional wind tunnel and available 3-dimensional wind tunnel, and 
flight test data. 

Initial premises, see Figure 25, depicts the "design to" 2-D upper surface 
pressure distribution typical of L-1011, and advanced technology wing sections. 
Advanced technology implies that as the region of local supersonic flow develops on 
the upper surface and grows in extent the shock wave terminating such a region 
remains weak. This phenomenon is in contrast to a very strong upper surface shock 
and possible shock-induced separation associated with more conventional wing design 
practice. For either design philosophy, however, various combinations of drag 
divergent Mach number and lift coefficient can be attained by varying the thickness 
ratio while retaining the desired upper surface pressure distributions. It is 
further premised that for a given thickness ratio the advanced technology will attain 
a higher drag divergent Mach number, or conversely, for the same drag divergence a 
thicker wing can be tolerated with advanced technology. On Figure 2b the above 
discussed relationships are noted for available 2-D tests and theoretical prediction 
techniques. At a drag divergence level of 10 counts and lift coefficient of 0.50, 
advanced technology represents an increase in drag divergence Mach number of approxi- 
mate? iy 0.06 to 0.08 over conventional NASA 65 series airfoils design practice. 
"State-of-the-art" practices would produce lesser benefits. 

To convert 2-dimensional divergence characteristics to 3-dimensional. , the effects 
of sweep and aspect ratios must be known. From previous studies the relationships 
have been derived and. are noted on Figure 27. 


The divergence characteristics developed thus far relate 2-D to 3-D at 10 counts 
of drag rise. Figures 28 and 29 present the relationship between Mach design at a 
ACj) of - 22 counts and Mach divergence at 10 counts at design lift coefficient. 

A 0.03 Mach number decrement is rioted between M 
@ 1.0 counts. 


DEB 


M DIV. 3-D ® 22 counts and M 1)1V#3 _ D 


In further developing the parametric drag build-up procedures for advanced 

technology application it has been premised that the L-1011 pre and post drag 

profile and compressibility drag characteristics from M.. . and Ct_ . are 

K J Design ^Design 
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Figure 25. Characteristics ’’Design to Wing Pressure Distributions 
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Figure 26. 2-D Mach Divergence Characteristics 
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Figure 27. 3-D Corrections to Mach Divergence 






representative of advanced technology wings. These characteristics are represented 


by the parameter "7" , see Figure 30 and c 0 Pressuro 
= (C .. ) 1 . 08 + AC + AC 


of Figure 31. 


( 'D, 


TOTAL 


IX 


+ C/'/tt AR "Z" + ac 

J J U 


fuselage 


' wi ng 


Tr i.m 


Where the I . 08 factor accounts for roughness. 

To account for trim drag associated with the large negative pitching moments, a 
.04 r increment is asr.umed to be carried by the wing to develop the desired trimmed 
Lift. 

3.3. l.F High Lift Drag Polar and Cj Build-up Procedures - Tn building up the 
high 11:; t polar:; for parametric transport aircraft it is first premised that idle 
,-leari flaps- up polar has been defined at M = 0.P3 by the procedures discussed in the 


p»V :V i ( Hi: j t i on . 


Tir* riigh lift fl aps-down polars are then deve 1 oped by a.dd Lng to 
thir polar, .lift and profile drag i ncromenhs an a function of wing and flap geometry 
(, :0( . Firurc 1 3d) . An In the previous bul Id- up method:;, the L-10.1.1 flLght data has 
an t h f ban i s for developing there parametric procedures; . Methods i roiti 
U it: Roy a ! Aeronautical Society ( KAf> ) Data Sheets have been applied to those da.ta to, 
porur t excursions in f lap and wing geometric variables (Figure dd). 

Maximum .1 i ft; i :< jef f i c i eri ts , using KAA cert i f i <‘d A- 1 0 I j flight.. date, as the base, 
have been modified fur flap and wi.ng geometry using the methods of tin- hAO dat.a 
sheets . 

In this study it war. assumed that, advanced des ign techniques applied ho a high 
i ] gt, nyntem would permit increases in C { of 10 percent greater than achlevab 1 e by 
present state-of-the-art pract i re. 

d.3.1. d Wing Sweep Angle So Lection - Selection of sweep angle for the cruise Mach 
number ,8a hydrogen fueled passenger aircraft wing was based on the trade noted in 
Mention 3. d. d. 1.1. Kor those aircraft designed for cruise at M = O.fiO and M - l| .9C, 
a deer, -.nerit and increment respectively of d degrees was selected to retain pre and 
post-drag rinse character i s I, i cs equivalent to the M = 0.8b design. 

d.'-j.l.Ji Approach Speed Considerations - Selection of passenger aircraft approach 
- needs was based on the considerations noted in Section d . d . 2 . 3 . 
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Figure 30, Polar Shape Factor 
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Figure 31. Wing and Fuselage Pressure Drag 
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Figure 33. High -Lift (Flapped) Polar 
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3.3.2 Cargo Aircraft Aerodynamics 


The aerodynamic characteristics of cargo aircraft involved in this study are 
based on the maximum use, 1 of supercritical aerodynamics as developed in conjunction 
with NASA-Langley during the ATT studies. The technology is defined in Section 3.2 
of the Lockheed ATT report (Reference 10). Refinements in this data base have been 
made since the ATT studies and are included in the current study. 

3. 3.2.1 Cruise Characteristics - Since an optimum aerodynamic configuration does 
not necessarily result in an optimum configuration as defined by minimum weight or 
cost, the aircraft cruise configuration was defined early in this study by several 
parametric analyses. These parametric analyses were accomplished through use of a. 
Generalized Aircraft Sizing Program (GASP) which utilizes predictions of structural 
weight,, propulsion characteristics, and aerodynamic data to estimate the 1 size and 
gross weight of aircraft cons trained, to meet given payload-range performance, 
further description of this program is Lnc Luded in Section 5-3.1. 

3. 3. 2.1.1 Wing Sweep Anglo Selection - A parametric study for a preliminary version 

" * ' ’ o '...> 

of the* small hydrogen fueled aircraft at a wing loading of 5 82 kg/ L n* - ( 1.15 lb/ ft ) 

and. with a wing aspect, ratio of 8 w as conducted using wing sweep as the* prime vanish I e 
Tie* wing loading was chosen for tills example because it permitted the 70 m/s 
( 115 knot',) approach speed selected, for use in this study. The effects of wing sweep 
an * essentially independent- of aspect ratio. The results of this study are shown 
in Figure ih. 

Those data ili us irate a decrease in gross weight, of about L.l percent, as sweep 
is dee reared from 35 t,o 5 degrees . This slight weight decrease is considered to be 
offset by several qualitative factors , however, and a sweep angle of 30 degrees 
was selected. The adverse factors resu.lt, ing from low sweep angle include increased 
gust sensitivity and increased potential for wing flutter. Both of these factors 
have the potential for requiring wing weight penalties not assessed in the para- 
metric ana Lysis. In addition, the low wing sweep angles would result in a config- 
uration having an aerodynamicaLly undesirable area distribution. The 30 degree 
wing sweep angle also provides wing section characteristics normal to the swept 
axis at 0.8 5 Mach number which are well substantiated by NASA- Lang ley data used in 
the ATI 1 study. 
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MISSION FUEL - 1000 kg GROSS WEIGHT - 1000 kg 
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3.3.2. 1.2 Wing Thickness - The wing thickness characteristics were defined hy the 
empirical method described in the ATT report (Reference 10). This method defines 
the allowable wing thickness as a function of the basic drag rise Mach n limber, Mp^. 
The basic drag rise Mach number, in turn, is a function of the wing sweep and aspect 
ratio, the cruise Mach number and lift coefficient, and the wing technology level. 
Figure 35 shows wing thickness ratios as a function of the basic drag rise Mach 
number and lift coefficient and the supporting charts show the increment in drag 
rise Mach number which are functions of aspect ratio and wing sweep. An aerodynamic 
technology Increment of 0.09 has been used for all cargo aircraft conf igui atiorU) . 
This technology factor, derived from NASA data, accounts for the differences in drag 
rise Mach number (for a given thickness ratio and cruise lift coefficient) between 
supercritical airfoil sections and NACA (5-series sections. 

As shown on the figure, the basic drag rise Mach number is determined by sub- 
tract), nr, the* Mach number Increments due to swoop angle, aspect ratio and technology 
inv el. from the specified cruise Mach number. 

The basic drag rise Mach number shown in Figure 35 assumes the aircraft is 
designed bn fly 10 counts into the compress ib'Le drag rise. Figure 36 i i 1. us trains 
Phab, if the at rcr a ft, is designed to cruise further Into the drag rise, then the* 
has * • drag rise Mach number will, be decreased. Reference to Figure 35 shows that 
pis a given cruise Mach number, a reduction in basic drag rise Mach number w.i.l.l 
ail mw a. larger wing thickness. 

The ATT conf i gurati on was designed for flight 22 counts into the drag rise. 

The optimum w 1 rig design must trade the redact ion in wing structural weight against 
Us* increase in wing compressible drag which results, from increases, in wing thick- 
ness. Tills, trade study was conducted and the results in Figure 3Y show that trie 
optimum DON configuration ss obtained when the aircraft is designed to fly lb counts, 
into t.he drag runs. 

3.3.2. 1.3 Drag Build-up - The cruise drag character i.s tics defined in this study are 
built up as follows: 

• The zero Lift drag of each component is estimated using the appropriate form 
factors and skin friction drag determined at the proper Reynolds number. 

• A wing profi Le drag Increment, as a function of variations in design Mach 
r i umbo r an d. 1 1 ft c oe f f i c 1 an t , i s ap pi i. e d . 
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ASPECT RATIO 
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Figure 35. Wing Thickness Determination 









RAMP WEIGHT 
-1000 kg 


EXAMPLE: 

SMALL LH 2 FUELED NOSE LOADER 
CARGO AIRCRAFT: 

AR = 9 

V Ap = 69.5 m/s (135 KEAS) 

W/S = 560 kg/m 2 114.5 lb/ft 2 
(START OF CRUISE) 






• A compressible drag increment is applied. As previously described, a value 
ot lb counts results in a minimum DOC configuration and that value is. used 
in thin study. 
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rates either remain constant or improve as approach speeds are increased. On the 
other hand, as a limiting consideration, it is recognized that pilot work Hoad in- 
creases if approach speed increases and some accident statistics show increasing 
accident rates as approach speeds increase. No quantitative analysis .Loading to 
conclusive tradeoffs of the various factors discussed here was attempted in the cur- 
rent program. However, trie effect of lower approach speeds on gross weight and 
direct operating cost ( HOC ) for a typical aircraft in this study is shown in fig- 
ure f ) . These data indicate an L 8 percent increase in DOC if approach speed i s 
.towered from M)o to % . 5 m/s ( IMh to i 10 knots). An approach speed of 09. f ; in/ s 
( i i/ Duets } whs selected as a compromise value and was used to establish upner limits 
on wo rig {'lading in selecting airpLane conf i gurat i. on charac tor i sti os . 
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must assur-' s uf f 1 cj -<n t AND pi trh acce j erat. :i on to avoid penetration beyond the 
maximum d^siiv-d ai-glo of“ attack. for an airplane with a distinct stall the limit, 
is ■■ d not. "Xeo' *d t ie ■ s 1,‘j. 1 ! ang l e: . 

1’t.alE lame histories from b- 1.0 I .1 flight, tests were examined to obtain data on 
stuj I recovery. The maxi, mum A N D pitch acce 1 erat I on was measured during recovery 
from s tu. i is, in the 1 and i ng configuration with forward and aft center of gravity 
positions at various weights. The total pitch acce I erat ion resulted from the com- 
bined oftY-ots of inherent stick fixed pitch down tendency plus incremental A N 1) 
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a function 


is tub! 1 i zor input. The none down acceleration from pitch down tendency is 
of static margin. Supplemental, none down control was commanded when the pilot was 
dissatisfied with the progress of recovery . In no Instance was full A N 3) control 
eupab'i I i ty ernp Loyed. Apparently the resultant measured maximum pitch down accelera- 
tions we* re* sufficient to satisfy the pilot that recovery from the stall was proceed- 
ing at an acceptable rate . A statistical distribution of the peak pitch accelera- 
tion:; i.s shown on Fupure hi) . The magnitude of the peak acceleration was equal to 

or loss than . fjd rad i ans /see*' in B'f percent of the? cases. In the few recoveries 

o 

with a-“c*? h' ■rations in excess of -.1 rad/sec'" tree recovery was initiated well after 
tic- stall minimum sp<*ed was reached or else tin:? peak aeeel era t Ion ota'annal only for 
n. nr iff* i n t,< ■ rva ! . It, nan be cone l.uded that - . 08 rad /sec* represents a useful unper 
bourn la ry -a; tin? n. i rp ! ane nose down p i. toll acceleration needed to provide sat, i s facts «ry 

An airplarii 1 a. • k i tig inherent static stability and/or [1 urn down tendency at the 
s fa ! I rnus t. b< • f > rev i tied w i bh act i ve envoi ope 1 irnit i iig as a component of the* longi— 
r.u*i i naj , ; trd, i ! i ty augment at. i on system. The margin of control power required t ■■ *• p» <r- 
forru t , ; j * p. j ; h . ry t r at tin- limit, speed o r angl e of at to ck places an aft limit on the 
o» 'ti t • • r ' t ' o' r “ ’ i v i • r y posited. The sever it, y ot‘ the c.g. conr. tea. i nt (ir'|.endr. o.n tin* size 
■ * f t, ; o = *■ . f 1 1. r . 1 [nwi’r rnu.r.giti retained. If, is, proposed that for large subset; is t.rans- 
ieri ■). ■ r p I n.nos ersenfiu.liy s i rn i 1 ar to the I -- 1 0 1 1 the control power margin be suf- 
f.i '• i • *t 1 1. f i > proven.- u.n A M M pitch acceleration of - # f)M rad/soe‘ . power effects; at. 

I* >w vc ■ i gr i f. ami tijgh tfi rii;; t. cati « * r< >d <• t n is me. rgiti to about. —.Oh rad/ s ec at. constant 
ane • > • if* a. t fsr ■ k . however, if shot j id be assumes: that Ur* active control system w i I i 
e-spend t.e. p ■ j w e s s,« f ting and f i an p< <s i t, i on as we i i as ang 1 * • of attack and that, this 
w i i ! m 1 i. i gnu • the - • fit *••* ts of* higli f.,n rus t-to-we i gn t, rat. i'u 

I . 't . I hm: '* rmagf * FI ;o ■ 

Flight controls sizing analysis was conducted in depth for the passenger transport 
configuration having liquid hydrogen fuel contained within the fuselage , Figure Ul (CL- 
1317 - 1 ). Fmpennage sizes for all other configurations included in the study were then 
based on those defined for the CL-1317-1 configuration. More detailed analysis of 
these other configurations would have negligible effect on the outcome of the study. 

I'li'* a* > mdy nam I : ■ limits on the (Mi— 1.3 1 r f- I. m'rih'r of grav i ty pos j t/i on a ro depen- 
• h rh, upon t.h" so r i :r in 1,a i tsj.il volume* 00 -e f f i o Lent as shown < m Figure he. Tl ie forward 
'irnit. is, :mM'.!S-h by the requirement, for airplane nose up stall in thus Landing con- 
f I g iJ raf. i • n . tl 1 v* * 1 of a 1 limiting r< *qu i rn ‘merits , a 1 so in the Land i ng con f i gurat.h uj , 
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Figure ^0. Maximum Pitch Acceleration During Stall Recovery 
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Figure 42. Aerodynamic Limits on Center of Gravity 





place the aft limit. The neutral point is shown for reference, but was not a pri- 
mary consideration in setting Limits. Takeoff rotation and clean configuration 
envelope limiting, both potentially important conditions, were examined, but were 
found, to he Less critical. Their relat;i.onsh:i p to the c.g. onve.1 ope is shown. If it 
is assumed, that the CL- LILY- 1 should have the same absolute c.p;. travel as the 
h-LblL-L, L . Y w (bY-t i.n . ) then a horizontal tail vojume of . f >9 is required. 

The vertical, tn.il was sized to provide* directional, control sufficient to balance 
fun* less e f an ou tbuard engine at take-off thrust. The re Lationshi p between speed , 
nom i nal fb run, t, and rudder area, i s shown on figure V'). In o rder that air mi n.imum cen- 
tre ; speed (. Vye ) will not be* restrictive at shorter field lengths a 1 I^ht lak<*- 
oil weight of if •5,01)1) ky { Y()0 , -:){]() pounds) arid th rus l.-to-we i ^hf ratio (T/W) of .31' 
hu.s Uon n.ssumed. eta 11. speed (Vj is, j > ;i m/s, (.103 KKA3). For a normal take-o f f , 
i <- ! 0 ! ! 1* 1 ! s'h tes t s show that at, th i s T/W , rot at i on speed ( V . J is re 1 at od t,o sta ! ] 
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the body of approximately l/2 the fuselage boundary layer depth at the tail surface 
l/t MAC location. The areas and volume coefficients refer to the exposed dimensions. 


d. b MATERIALS 

Definition of baseline materials for all configurations involved in this study 
is based on a materials technology which offers significant advantages in weight and 
integrity and is technically achievable for design commitment in the late .1.980 time 
frame . Material and attendant processing costs are design parameters which were 
considered in selection of the various candidates. Sol notion of materials for the 
major structural components of the study configurations was based on the results 
reported in the NASA ATT study of Reference 10. 


i.b.l. Airframe 


Mater j a L usage- in the wing, empennage, and portions of the fuselage which do 
no t, interface with Nil.., fuel is based on Reference LO, modified to fit the requirement 
of the subject aircraft. These materials must be corrosion resistant, fracture 
tough , fatigue resistant and s tress corrosion resistant. Where hydrogen diffusion or 
a chance 1 ,1 i , , exposure; is a foreseeable happenstance, resistance to d illusion and 
embrittlement and/or low temperature ductility may be additional constraints. Win le 
not precluding the incidental application of other materials as file need arii.es , 
advanced mater i al s ( compos itos ) and the high strengtn aluminum a 1 toys emerge uh<. 
predominate- ai r frame e and i <ial.es . Figure Hd and Tab.lo (> (taken from HAMA CRlltfMb, 
Reference fi ) compare properties of some aluminum alloys and composite materials, 
respect i ve ly . 

In so losing materials for application in the ATT studies, candidate materia L> 
were compared on the basis of weight and cost of specific applications to the air- 
frame structure. Selections were made for three levels of application of advanced 
mater i a 1 s on the basis, of cost per unit mass, of weight saved. Technology factors, 
computed for the three levels of applications, were applied to the analytical weight 
equations used in the parametric airplane sizing program. The weight or techno logy 
factors were developed for a constant-size airplane by substituting different 
materials and structural, concepts and computing the weights of structural elements 
for identical structural requirements. The full benefits of advanced materials were 


82 


TOUGHNESS COMPRESSIVE YIELD TENSILE ULTIMATE 

EFFICI ENCY-TODENSITY RATIO* STRENGTH-TO-DENSITY RATIO STRENGTH-TO-DENSITY RATIO 

1/k Pa m x 10 3 m x 10 3 





2 


* / K IC \ i WHERE K |r = FRACTURE TOUGHNESS, LB/IN - 

— P 2 

' TY ' F , 

TY = TENSILE YIELD STRENGTH, LB/IN 2 

P = DENSITY, LB/IN 3 


Figure 43. Comparison of Aluminum Alloys at Room Temperature 
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Ln computing the technology factors, candidate materials and structural concent 
wore examined for each element of the structure. A weight factor of 1 . 00 war are; i gn 
to the conventional aluminum s t rue ture . Each of the other concepts was s I zed to 
j dent i cal struct. ura I roqu i romentr, . '[die ratio of the weight of the advanced material 
and concept to that of aLumi aura was defined as the weight factor , 

The cost of each concept was compared to the cost of conventional a ! um i nurn 
s r ru, * t uro , and th- cost i.icr unit of weight, saved was, tabu I a. tod . Selections were 
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'{'he weight factor:} of Table '( were used in the parametric sizing pro gran to 
rice arid price airp Lanes fur each cane. Direct operati ng conic were computed, and 
ar. economic analysis of each confi juration wan conducted to evaluates the return on 
i nvestnont . The renal to of there analyzer for the ATT ntudy , shown in F [gun - J|)i, 
form the ban in for selection of material:} for the* aircraft designs of the preneni 
ntudy. An ! 1 ( unt rated by Figure hh , DOC in m i nirn i.zed by the app 1 i eat i on of 
advanced mater i.a I.z to DO percent, of the ai rframe structure. There fore, the struc- 
ture!. : mate a* i a In. and concepts and the weight factors cor ren pond i rig to thin ne I ect i o 
wore an- d it] the development, of ad 1. .aircraft cori f i gurat i onn presented heroin. 


. D . ; ' l-Trd Tank Ctr nature 

One . if 1 d l ... an a fuel roquj ren that the tank mater i a 1 r, lie duet i. l.e ad, -CD i C 
( -k; 1 f " [•' ) , rt r i ntani. to }iy -cirog^ r d i f f an i on and embrittlement, fracture tough , fatig 
r* *n : stunt , red i a taut, to corron i < >n an id n Irene corrosion, and also triad, they have a 
hd g ; i s r- t ig tb— i o-vc d gkt rat ) o . Pur tin 1 * r , they tnun t 'ne urn e nab 1 e t,o fabr i eat i on a.rni 
» ■ i a i od r nreo'.'nnen no as t,o form a long-lived, leak — proof* vessel. These character— 
i s td -“s ar- of aart, ieular i min u’ banco to trie structurally integral tuns design 
O' pi. 


•an tv- nan is. < d* I i m i ted dad, a,, cert. a. i n filamentary compos i ten haw • exhibited 
. .i:u .a 4 i;d ! ' t.y w i id: h : I . , . Wa i !•■ i us. a f fl c i entd.y prevst to qualify as. tank ntruei.ure 
f-.'S 4 ids s Luuy , they sds >u j J t ■ cons i de so d in Ids' future. Tin • dAidA d!\ i i h( lo repoi* 
: d • t ’ • S i ]]-■' d, cif>*;: tii* • compatibi lit. y of a.u: ; t.en i td i • stud n lens steads wildi 1 . H , . lad, 

*■• as*; ad - r t :jry off, a* no advantage over high strength ad am inum ad leys for aircraft 
: i H fa- i * a.t i f sd. r*i a * t a ja* . 


t: . I i g 


i . ) : 1 1 1 . t* mm ■ rat u r* ■ property oornpur i s,- r of sorir higli strength a. 1 am i nun alloys i n 
rd.-s 'a i 1 ' i gur> • d ■; . Tin • duel, i I i ty of alloy dd ID at cryogenic temperatures , a.s 
• its: W' d Ti.ii i lit;/, d umiab i J i. ty , slave;:; corros. ion res i s tanco , iii.gh fracture 
n-ss and r*-s r stance t.. , f law growth, a.iv ■ cited in the NAdA CD l ! d ( i D report, 

: * i ■: * : f. ;v ■■ “eis e ; ) f then, e i d i a rac t, f* r I s t d : * s , a 1.1 oy ddlD wan s.e.l ec ted as the ta.n 

lad f. a* t/ie sig:< • r 1 1 i • * t rann pf >r t study. M'h< • prtm'iil, study user the dd ] D a i lu 

■ • bar* d ; a* • mas. • * r i a I for tank strueture [run *d on fuient i ca I rat, i nna i e . Dinar- 

■ iy , i ; • =• advantage was assumed for the tank mat.' - r la. 1 a.t. cryogenic t empt t:i.I :aa n 
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Insuln-t ion Gy:; tom. Fittings and Attach Member:; 

o Mi.., tankaye and delivery elements of the propu Ls I. on s ub sy s tern must, la 
,.] in mater lair, through which the inner-to-outer t herma] gradient ranges 
( -Ip'M V ) to essentially ambient temperature, and the \ nwarrj in Lymt i. on t 
eon from the environment ( cry op urn pi ny ) is ney I iyi bi e . 


tend) r 

ittinys and 

mem beta; 

at the ins 

tal l at ion i 

rite 

rtac 

e 

mu 

.st not only 

ban i a a 

i. loads but 

must a L 

so minimise 

heat trans 

ter 

and 

( 

- ry 

of.) urn pi ny . 

o mad,.. a 

•* inis must 

be capable of to lor 

atiny expos 

tin :■ 

to 

1 jH,. } 

or dll,, in ti 

r a [ o' 

tk , wMyht 

musd, be 

m i n i rn I sod , 

and durabi. 1 

1 ay 

t , } i r 

(j \ 

Oi 

re pet I t, i vo 

nt.-narr 

a- cycle-; m 

nsd, .accommodate a. r 

esa. 1 i s t, i e re 

■ tur 

h 1 s him 

ait. 

seh-dule. 

r purpr 

j: ' o' : ’ o !." tl i i. 

s fMinorm 

tun, 1 design 

O.udy , a i.- 

.OS 

0(1 C 

i' 

1 1 

pla.stic fo ai 

in a 

■] i Mils i on 1 ) 

arrier m 

nt.ori. a. 3 tor 

i ns. ur:i.:]Oo 

MM 

i ns t 


•ry 

op i..unn i ny , a: 

by an 

advn.no-M c 

i t.c 

material 1 * 

or protect, i 

on 

ay, a. i. 

ni 

it. 

in. •(*] inn i ea, 1 

wan, 

'ioct.M a.;; 

a, re pros 

entativo in 

sail at, ! on sy 

Sto 

m an 

d 

ex 

.tornal cove 

ML, to 

uiks. Chn.r 

n.o tor i s t 

I os of vari 

o us pi M,:; t, i e 

fo 

■am I 

rn 

I u 1 

a.d, I on mad,! a* 

n on tod 

In Tal> I o 8 

and dad. 

a, for s o- we* 

a 1 car id I dad. 

e tl 

i t.Tu 

c 

i on 

barrier na 

. a • n ' • o ( 1 

in Ta.h!o i) 

, taken 

from IMlrr 

■n i a ■ h. 







TAMM M. I MATT ] r: foam 





'MlFHMAb 

■hjm; 

1 ) [a N ; oTY 

CodPUCTlViTY 

; d’RFduTd 

ky/m 

W/m 1 ‘C 

kPa. 


MMFhlMMF 
F'i'HFNdTH 
kl u 



0.0 1 i 
( * j.t d0' ;! c) 


08 l 

(at iM'Md) (at, ; ?: ; n c) 


i retd i? u'lt 1 
I, iJpen to: 


0.0i5» 

(at i 


re*, bane + \ ()% Chopped 


0 . 0CG>8 



TABLE 9. PHYSICAL PROPERTIES OF FILMS 


BARRIER FILM 


Polyester 

(Mylar) 


Po lyviny i 
f I no rifle 
(Ted !er ) 


Polyviny 1 
C h 1 orirle 
( Sarari ) 

Vet* l on ( F ED . 


1 1 .• .1 y inn de 
( Kap t t >n ) 

Fluoroha 1 c m carbon 
( Ac lar ) 


SPEC . 
GRAVITY 


H 2 

PERMEABILITY 
cc/(lOO in. 2 ) 

(24 hr) 

(atm/mil ) 

600 

( 1 atm ) 


950 

( 1 atrn ) 


TEMP. LIMIT 
SERVICE LIFE 

REMARKS 

-73 . 3°C to ll*9°C 
( -100°F to 30 CPF ) 

Could, possible be 
used at lower temp 
where no flex life 
required . 

-Y3. 3°C to .li»9°C 
( - 1 00°F to 300°F ) 

Could possibly be 
used at lower temp 
where no flex life 
required . 

-57 °C to 93.?°C 
(-65°F to 200°F) 

Could possible be 
used at lower temp 
where no flex life 
required . 

-2 c jU°C t o 207 °C 
(-725°F to 7 00°F ) 


-257°C to 27 3°C 
(_725°F to 7T0 o F) 


-73. 3°C to 179°C 
(-1.00°F to 300°F ) 

Could possibly be 
used at lower temp 
whore no flex life 
requi red . 


It is Important to po i at out that the materials technology essentia] to offocfLv 
;e of LIf in a, cominoroi a.I 1 rans port ai r craft has yet to be developed. For example, 
te propensity of structural, materials to become susceptible to hydrogen embrittle- 
:nt as a result of years of exposure needs to be determined. The long term behavior 
f most •■uridi.date insu Fat ion , barrier mid structural materials in the combined LH 0 
rid ai reraft envi ronment i.s unknown. Idled r compat i hi i i.ty with other aircraft 
itorials , -.g., hydraulic fluid; repetitive cycling through the flight profile; and 
■gjoti t,. I v < 1 and prolonged exposures; to acoustic vibration, are among the examples of 
cveJ opment testing which must be performed. The ever tightening regulations o over- 
rig fire, smoke anti other hazards in commercial passenger transport aircraft must be 
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considered. W 1 1 mutely , the mater i a.Ls qualifying for the? sheath, fitting and attach 
member comnonents must do no under total subsystem static and fatigue tents slmulativ 
of tin • aircraft nervine environment. 


S.n liitdJC'Hjidd’ 

d.e.l Structural Pos i.gn Criteria and Concepts 

The structural design criteria, design concepts , and other structural, data used 
in t,h i s study wore derived prirnari [y from the studies of References 10 and t>. The 
niel., e* i rt 1 s usag- • and design ci uieopt.s are ( ‘ssent J a 1 ly the sajne as those developed by 
;,n» . I juokner -d-Oeorg: a Company in its, studios of tdie app.l .i eati on of advanced teehnolngi. 
a . nut s.-ciic 1 ( mg- rang* ■ transport, ai. rernd't . As d i s cussed in Paragraph those 

studies, r- ■ pi i r ted in it* ft' res ice L0 , :;huw that an advanced composites ut.I Li zal/i on o !. 
approximation St) percent of the structure' results in the lowest life— cycle cost 
n.nd n > * u. r minimum weight. This has been shown in Figure Uh . Where tlie presume* * nf 

j . i 1 , . fuel ranks for aircraft of* the present study require mod i fi cat. i mis to be mn.de 

t. : . tin* tend * a ! r f ra:ri“ s t ructura i eono q > ts thn.t were developed for the reference ATT 
n 1 *•: ■ r.n ft. , P -sign c« >M<a '[.-ts, WfU’c ut i 1 ! s,ed from the Poekheod-Pa l i fonii a Pomp any stud ] **s 
, r t;i» iiydr-jg-m f i* • P -d advanced s, users t r 1 1 c transport reported in he for* mce to 

1 ■ r. i i a i i ; • i.r v n j / 1 . ! v . n -s w< -n • o o i id t n ■ * . ; ■ d oj establish the o.:f i- externa.1 loads fer 

!,!.'• PP ;*i"i-l f.n.scn *t;g> ai re raft . Tin -se Poads, which are presented In Append i x F, 

w< -s - • uc.f-j o.' n.s.sisf it' tic- es fi mat i > ; r. ■> f tin. 1 structural weight, to- account foe the 

i j i ; * ; 4 ■ r ■ n ■ s • .• f th* • i 1: , e ; . i rp I air ■ : ' t * ■ >rn i t,s let, A fin* ! ed count erpur t . .Included In tliese 

d i :*!t [i s .•V- in i- • fol iowi ng: (!) smaller wing area; [.'•) lower wing load! ng; 

( •; ) Poem rut, i . .. . * f tarn *< »f f weight to landing weight.; and (t) no fuel in the wing.. 

'lie- fi rs t t , w i . : ) f tie -se d i f j*er« nun -s l> md to I ower the wing weight of the PH ai rp 1 an* ? ; 

r i •. ;w ' • v • • r , o.-'in (f) foods t > * i in • in run • tin; wing, wo i gh f since tin * Inertia 1 oad relief fro 
gi 0 ■ ! ; :I tin- * nit,, m w i ng of tlie o m v ' -r d, i o na 1. Jet A fueled t, ru.ns port, is, not present. in 

r 1 j * .jH u. i is * i u.tn ■ . lie. - lower gross weight of PIP., fueled aircraft. Indicated by item 

( i, r- . j ! t.s 1 m srna ! I • *r , \ i gh t.«*r landing gear and smaller engines. 

-o card i dud,* ■ d< -s i gn of 1,11. ( fueled aircraft carr i es its total fuel .load in 

• • x t,< •run I Jy p- >dded w l ng tanks . 'This. concept represents a major devi at i.on from the 
; uiv» ■: ltd i mu. I a i reruff eonf i gurati on . Tin; massive tanks on py Ions above the wing 
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are 


located over the inboard engines and affect the aerodynamic performance, flutter 
characteristics, and wing loads. Co-location of the engine and the tanks permits 
the use of common structure to help minimize structural weight. The structural 
arrangements of the tank and pylon are shown in Figure 63 in Section U.5. A pre- 
liminary stress analysis, utilizing the loads of Appendix C , was conducted to estab- 
lish the feasibility of the design and to assist in the weight estimation of the 
tank Installation and wing structure?. 

3 . 0 . 2 Ctruc turn i. Rescript i ons 

Utilization of advanced composites for approximately 50 percent of the total 
structure to achieve minimum life-cycle cost results in a high percentage of graph.it 
epoxy oomnosites for the following primary structural, components : wing box, aileron 

fuse lage shell, empennage box structures , elevators, and rudder. The design concept 
for* these: structural, components , described in the following paragraphs, a r e conven- 
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v/ind spars are constructed of graph! te- compos i te honeycomb webs and titanium 
caps. A typical rib i.s a bonded assembly of graph i to-compos i to honeycomb web , 
graph i he— compos Lto caps and ri b-Lo-spar shear cl I [is. Access holes are provided in 
th|r- f * • ; s • r of each r I h web. bd bs which are subject to concentrated loads are pro- 
vided wiUi dif* fus Lon- bonded titanium f j things adhesively bonded to the composite 
fin structures. The spars are bonded assemblies o f graph! ie-compos i he honeycomb 
webs, t. i tan t um caps, and diffusion-bonded titanium fittings. Ribs and surface panel 
are of all irn i n um h o r 1 1 j,y <. k omb c o n s t r u c t i o n . 


92 


Th< ' trai t ing-edgo structure 'located aft of tl m roar apar on the outer wing is 
constructed. of aluminum-honey comb surface panels and ribs, with 1 , .1 f an 1 urn fringe and 
actuator support fittings. The leading-edge structure is cons trusted of alum i nurn- 
hom.y comb skins and aluminum intercostal s> and Is s upper ted by titanium ribs, which 
also serve to support the slat-drive 1 mecban i situ 

hi siding I sign dials - The* Leading edge slats are of aluminum sheet and stiffener 
c-: )tlS t. r U : ' f i ■: Cl . 

i'ra i i i ng lodge K haps - 'i'he t railing * -dgi : f 1 aps a. re of aluminum sheet and. sti.f- 
['• .u< • r ■ :( 1 1 S; t r u ( * 1 i < >n . 


j.i 1 erv>ns are cots; true ted ■ if graph i fe/epnxy honey'd. mib surfac« -s . 
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3.6.2, 3 Empennage - The structural arrangement described in this section is for the 
tee tail eondifuration of the cargo airplanes. The passenger airplanes have a more 
conventional empennage configuration and, therefore, differ somewhat in details; 
however , the basic structural concepts and the materials usage are very much the 
s amo . 

The empennage structure is an al L- flying horizontal stabilizer pivoted at the 
top of the vertical stabilizer. The vertical stabilizer structure consists of the 
structural box, hinge-support beams, actuator-support fittings, leading edge, fixed 
trailing edge, and the upper fairing structure. The structural box is a bonded 
assembly of surface panels, spars arid ribs. The surface panel s are bonded assemblies 
of graphite-compos i to skins, hat-section stringers, shear clips and titanium rein- 
forcements. The spars are constructed of graphite-composite honeycomb webs and 
titanium spar caps. The ribs are bonded assemblies of graphite-composite honeycomb 
vobs , graph L to- compos i to caps, arid shear clips. The two hinge-support beams located 
above the box structure are manufactured from diffusion-bonded titanium and are 
attached to the box structure with mechanical fasteners. Replaceable titanium hinge 
fittings are bolted tu the aft end of the beams . The two beams are Joined by web 
and intercostal members which are of graph i to- compos i te honeycomb construe tion . 

The ! i r ) r i zonta I st.abi ! i xor actuator fittings are diffusion-bonded titanium and are 
bo 1 ted to the structural box. The vert leal, stabilizer secondary structure is of 
a turn in. Jin honeycomb cons t rueti on with titanium fittings. 


s t rue bur 


f tin ■ horizontal stabilizer is similar in construction to tin 


jarts , 


/jj stabilizer except that the stabilizer structure is fabricated in three 
the left; and right stabilizer boxer, and a center box. 

h Naeeilo - The nacelle design is described in Paragraph 3.2.3. Recent 
ed-Ca I i Torn i a. (tump any studies , performed under NASA contract, (Reference 28), 
hown the weight and cost saving potential of design concepts that integrate 
ic suppression treatment into advanced composite structural arrangements. 

“or, > 9 grapii \ p ( xy arid graph 1 1 e- po 1 y irn j de advane ed compos i t es are ut i. i i zed 
Lvoly in the inlet and the fan duct walls. Where It is advantageous, and 
operating temperatures do not exceed the composite capabilities, the acoustic, 
lent is integrated into the honeycomb sandwich structure. 

1 1 tan I urn Is used in those areas that ‘.in' too hot for the use of. the graphite— 
h de compos i tes . 
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3 . 6 . 2. 5 Pylon - The primary structure consists of an upper main graphite-composite 
box complex with a lower titanium box that attaches to the engine fore and aft mounts. 
Waffle— shaped composite inboard and outboard main box skins are formed with titanium 
beam caps and pylon— support fittings formed into the skins. The skins are formed 
into the upper box by adding composite webs and stiffeners to the main beams. 

The lower box is made of conventional titanium sheet and stiffener construction. 
The dividing step face between the upper and lower box is also titanium to complete 
the firewall along with the lower box. 

The pylon leading-edge fairings are aluminum sheet and aluminum honeycomb, 
which forms an electrical connection from the honeycomb nacelle nose cowl to the 
wing leading edge. The fairings just under the wing are composites. The fairing 
aft of the pylon main box is composite honeycomb. 

3. 6. 2. 6 Landing Gear - The landing gear structural members are titanium and epoxy- 
graphite materials. High-strength alloy steels are used where dictated by envii oil- 
mental conditions. 

Wheels are designed to be fabricated by diffusion bonding titanium, permitting 
the.; attainment of the allowable stress levels of titanium by using multiple lamina- 
tions. This results in a more efficient utilization of material than is possible' 

L n me o h an i c al f o rg i rigs . 
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SECTION 4 


PASS ELI OER AIR GRANT 

TLie passenger aircraft analyzed during the study are described in this section. 
The parametric analysis method which was employed is described, along with the basis 
pn v» estimating weights and costs for the aircraft. The two 1JI 0 fueled, airoralt de- 
sign concepts whi eh were studied in some detail are then defined, al ong with a det A 
fueled coin f i gurat ion which served a.s a baseline, or point of reference, for compari- 
son with the preferred hH n design. The results of the comparison provide an eval.ua- 
t, p 01 -o t* the none Pits to. he derived from using hydrogen as the fuel for advanced de- 
sign passenger aircraft. 



In : .iher words, an allowance of 91 kg (POO Lbs. ) war, made for each passenger plus 
baggage, and ari add i. t.i.ona! : Go was allowed for revenue cargo. For '*00 passengers 
t}i is. then amounts to a tot, nil pay I oad of 39,900 kg (88,000 lbs.). 
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of ] 60 kg/rn ^ (10 Ibs/ft *) . The total cargo volume for U 00 passengers amounts to 
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about 13U m 3 (1*743 ft. 3 ) with 127 m 3 ( I+ 1 U 3 ft. 3 ) in containers and an allowance of 
17 m 3 (600 ft. 3 ) for loose cargo. 

Passenger Accommodations: A mix of 10 percent first class to 90 peicent coach 
passengers with a seat spacing of 0. 965 m (38 in.) for first class and 0.86 m ( 3 1 * in.) 
for coach was used. 

Fuel Volume: The fuel volume was defined as that required to hold the block 

plus reserve fuel at the design range. No allowance was made for off-loading of 
payload for fuel. 

Performance Constraints: In addition to the field length specitied in the basic 

guidelines of the study (Table l), two other critical performance constraints were 
imposed so that an equitable basis would exist for selection of preferred aircraft 
designs among the hundreds that would be parametrically generated. 

• An initial minimum cruise altitude of 10,350 m (3 U 9 000 ft.) was established 
as compatible with current passenger aircraft and ATC practice. The effect 
of different altitudes on gross weight and DOC for a typical aircraft in 
this study is shown in Figure h 5 • 

• A landing approach speed of 69-^ m/s VI 35 FFAb) was selected for reasons 
d j sou s s ed i n Paragraph 1 . 3 ♦ 3 . 3 . 

Matrix of Variables: The matrix of variables evaluated during this study; 

mission, conf igurat ion , geometry ami performance , are grouped in Figure fb. The 
actual number of discrete parametric, airplane designs generated amount:; to 3580- 
to allow selection of optimum aircra.fi depending on the criteria chosen. 

Selection Criteria: The selection criteria used in choosing aircraft from the 

array of parametric results, in order of decreasing importance, are: 

• Direct Operating Cost. (DOC) 

• ill nek fuel, weight. 

• A i rp lari o p r 1 e e . 

• Cross weight . 

As discussed in Section UJi.l, the ordering of these selection criteria is 
important because -different aircraft would be selected depending on the criteria, 
appl ied. 
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Figure 46 , Matrix of Variables for Passenger Aircraft 
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OTHER 


COMMENTS 




REJECT BECAUSE OF 
PASSENGER PROXIMITY 
TO FUEL 


REJECT EXCESSIVE TRIM 
DRAG OUE TO FWO C.G. 

& TAIL OWN. LOAD 


REJECT -TECHNICAL RISK HIGH FOR 
SLIGHT ADVANTAGE IN PASSENGER 
SAFETY COMPARED TO NO. II C. G. 
TRAVEL (LOADABILITY) LIMITED 
BY CANARD SIZE. 


TANKS COULD BE 
REMOVED EASILY 

— 

PASSENGERS 
SUBJECTED TO 
TRANSITORY G 
LOAOS IN TURNS 

REJECT NO APPARENT ADVANTAGE 
OVER ABOVE CONFIGURATION 


REJECT - POOR L/0, LARGE WETTED 


AREA, HIGH STRUCT. WT. 

• MACH NO. LIMITED 
TO - .75 

FOR REASONABLE 
T/C & SWEEP 

• WING SHIELDING 
GOOD FOR NOISE 
REDUCTION 

REJECT - WILL NOT MEET M.9 
CRUISE WITH REASONABLE 
T/C &/0R SWEEP 


4 






THESE TWO CONFIGURATIONS 
SELECTED FOR PARAMETRIC 
EVALUATION AND DESIGN 
STUDY 




Figure 47- Candidate Passenger Aircraft 

Configurations 
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1. 

PASSENGER SAFETY 

• CRASH 

t EMER EXIT 

• LOADING 

2 

STRUCTURE/TANKAGE 

FEASIBILITY 

• MAX. PASS. EXPOSURE TO 
FUEL IN EVENT OF LEAKAGE 
OR CRASH 

• EMERGENCY EXITS IN ZONE 
OF PROBA8LE SPILL &/OR 
FIRE 

■ LIMITED TO NON INTEGRAL 
TANKAGE 

• TANKS MUST BE REMOVED 
FOR REPAIR 

• EXPOSED TO FUEL ON 
ENOS ONLY 

• TANKS CAN BE INTEGRAL 
OR NON INTEGRAL 

• EXPOSED ON AFT SIDE 
ONLY 

FUEL SPILL BEHIND ON 
SURVIVABLE CRASH 

• TANKS CAN BE INTEGRAL 
OR NON INTEGRAL 

• SAME AS ABOVE 

• SAME AS ABOVE 

t MAX. SEPARATION 

• BEST FROM SAFETY & 
PROXIMITY 

• TANKS INTEG. OR NON 
INTEG. 

• STRUCT. PENALTY FOR 
WING 

• SAME AS A80VE 

• TANKS INTEG. OR NON 
INTEG. 

• PASS. ADJACENT TO FUEL 
IN MID FUSELAGE 

« QIFFICULT TANK INTEGRA 
TION. REQUIRES Bl FUR 
LATED APPROACH 

C OCOBT-^ 

• PASS. ADJACENT TO 
FUEL AT ENDS ONLY 

• SAME AS ABOVE 


































PARAT lETRIC ANALYSIS METHOD 


The focal point for the technology data generated as described in Section 3 is 
the ASSET (Advanced System Synthesis and Evaluation Technique) synthesis model . 

This model is designed to size, weigh, perform, and cost large numbers of aircraft 
design options parametrically. The synthesis cycle required to size the vehicle 
for given pay Load/ miss ion requirements is accomplished within ASSET by integrating 
data describing vehicle geometry , aerodynarni cs , propulsion , structures Materials/ 
weights, and cost. A schematic presentation of the inputs and outputs involved in 
the synthesis cycle is shown on figure US. The key elements and the flow of .infor- 
mation through ASSET are depicted on Figure h 9 . 

The three major subprograms in ASSET are sizing, performance, and costing. 

The Sizing subprogram sizes, each parametric aircraft to the design mission. The 
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a u top ! ■: > t, presentations the final vehicle charae ter i st i cs desired such as gross 
weight,, cosh, range, etc . can be selected. Appendix B includes a sample of the 
a c L no. ! . '■ y- \ tun t, . 

: rnr : uded In the schematic of figure hQ is an optional capability to calculate 
jet noise, incorporated in the ASSET program. The calculation method is based on 
Aerospace Information Report No. 876. When parametric variations are made to thrust, 
wing loading arid any other performance and/or aircraft characteristics, di f fe.rent 
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• BODY 

• WING 

• TAIL 

• ENGINES 

• GEOMETRY 

• FUEL CAPACITY 


j 

WEIGHT 


‘ 1 

• GROSS 

• EMPTY 

• STRUCTURAL 

• MATERIALS 
DISTRIBUTION 

• PROPULSION 

• SUBSYSTEMS 


| PERFORMANCE ] 


• FLIGHT HISTORY 

• BLOCK FUEL 

• BLOCK TIME 

• RESERVES 

• CLIMB & TRASONIC 
PERFORMANCE 

• FAA BAL. TAKEOFF 
AND LANDING 

• OFF DESIGN MISSION 
PL/RANGE CAPABILITY 

• SONIC BOOM 

• NOISE 


COST 

u 

• RDT8.E 

• INVESTMENT 

PRODUCTION 
TOOLING 
SPARES & SSE 
DATA, ETC. 

• OPERATIONAL 

DOC 
IOC 
ROI 

• TOTAL SYSTEM COST 


Figure 48 . Asset Synthesis Cycle 
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GROSS WT, DOC, PRICE, OR BLOCK FUEL 



Figure 50 . Example - Parametric Data Autoplot 
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takeoff flight profiles are effected which results in a change in the noise foot- 
print. The inputs required are: 

• Engine exhaust characteristics such as; velocity , density and area foi each 
exhaust stream, i.e., core engine or fan duct. 

• The engine exhaust noise directivity profile. 

• The number of microphones and their location relative to the point of brake 
release. 

• Exhaust noise suppressor effectiveness. 


• Aircraft characteristics. 

During takeoff both the flyover 6. U8 km ((3.5 n.mi.) from brake release) and 
peak sideline 0.6H8 km ((0.35 n.mi.) from runway centerline) noise levels are com- 
puted, the greater of which is the critical noise level. At each microphone .loca- 
tion noise calculations are made at half second intervals to build up a noise history 
for use in computing the duration correction factor. This correction factor is 
added to the tone corrected perceived noise level and results in the effective per- 
ceived noise level (EPNl) which is the noise evaluation quantity. This method ol 
predicting noise generated, is applicable to both conventional turbojet and turbo fan 
engines. The noise calculation described does not include fan, compressor, machinery, 
combustion or aerodynamic noise which are treated in a separate analysis described 

.in 1.8.3. 


), .3- 1 W e i gh t Input Ban I s 

Conventionally fueled (Jet A), subsonic passenger transport weight estimating 
equations were modified to account for features required by LH^ fuel. These features 
are described as follows: 

Wing - locating the LH 0 tanks on over-the-wing pylons causes a 10 percent in- 
crease in wing weight due to the high loads experienced when landing with nearly 
fui 1 tanks. 

Body - Modified to account for the large volume, lev/ density LH ? when carried 
inside the fuselage and a 6 percent increase in body weight for the double-deck flour 

Tanks and Fuel System - The LH 0 tankage and fuel system installation is based 
on the design concept described in Section 3.1. For external wing-mounted tanks, 
the tank and pylon weight is 26.93 percent of the contained LH,, weight while 
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insulation is 1 1.63 percent of the LH Q weight. Unusable and boil -off LH^ weight is 
0.5 6 percent of the maximum LH^ weight for all. tank arrangements. Fuel system weight 
is approximately 80 percent greater than for a comparably-sized Jet A fueled air- 
plane. This provides for larger line sizes and insulation. For the internal tank 
configurations , the weight increment for tanks, thermal protection and installation 
is approximately 29 percent of the contained fuel weight for both integral and non- 
integral tanks. 

Propulsion - The LH 0 fueled turbo fan engine weight is scaled from a baseline 
engine with 156 k N ( 85,000 pounds ) of SLS thrust which weighs P'jJO kg (5,380 pounds) 
bare and 3100 kg ( 6,815 pounds) ins, tailed including: 

• Ace e ss i >r i es t uid dear be > x 

• Mr on t i n g * m d dp L i 1 1 e r F a i r i n g 


Con orab 

: ; r Cow l and Tai 1 

Pipe 

Pud Ac 

custie King 



I nr, la': led engine weight per aircraft is expressed in pounds as: 
WKNC = ( 0 . 0557 ) NKNO ( TCI , LI / 35 , 000 ) 1 ' ° ' ( T; , 000 ) 


hUffg = Total number of engines 

TCPC = installed Uea bevel Static Thrust /Kng. 

Mhco i 1 e and pyPoi woiglil per aircraft, before i nenrporat ing advanced composites, 
i ;; prpj.-t ; t an add it. final 3Y . 8'f percent of the installed engine wei ght • On the 
:;;utio h-i.:: ! , Uio ,'i.i v inlets are S..68 percent nf engine weight. The remaining pro- 
pigs In items. Including; thrust roveroetv, engine cuntrols, starling system and 
nil system weigh approximately 11.5 percent of the .installed engine weight. Total 
pr > pu ' s i t >n weight,, excluding LH 0 tanks and fuel system, is therefore expressed as: 

V/PT0T = 1 . 6 6 0 5 WFNfi 

Advanced Composites - Weight '-eduction coefficients were applied to the 
resulting equations to account for the advanced reinforced composites expected in 
the 1900-1995 TOO time period. These weight reduction ^coefficients were taken from 
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the Gelac Advanced Technology Transport Study (Reference 10) and are based on the 
recommended intermediate technology as discussed in Section 3.5-1* Table 10 lists 
the weight reduction coefficients along with the estimated materials distribution 
for each structural group and surface controls, 

U.3.2 Cost Methods and Factors 

The costs for the liquid hydrogen subsonic airplanes and the Jet A reference 
airplanes were produced through a series of subroutines in the ASSET Program. The 
subroutines provide estimates for the Development, Production and Operations costs. 

The development cost estimates were based on 1973 dollars but considered a 1985 
technology base for the development of the airframe, engines and subsystems. Applied 
research on liquid hydrogen application to aircraft design and operations was con- 
sidered accomplished prior to the start of development of the LH Q aircrait. 

The production cost model estimates the production cost for the airframe, 
engines, avionics, and spares. The production cost estimate for the airframe is 
produced through the assignment of labor hours and material dollars for the various 
components of the airframe. The values for the labor hours and material dollars are 
dependent upon the material type, the type of component, and the complexity of shape 
and assembly. 


TABLE 10. ADVANCED TECHNOLOGY WEIGHT REDUCTION COEFFICIENTS 
AND ESTIMATED MATERIALS DISTRIBUTION 



WT . 

CO EE. 

MATERIALS DISTRI BUTTON 

{% OF T0TAI 

WT . ) 

STRUCT. GROUP 

ALUM. 

TI. 

STEEL 

COMPOS . 

OTHER 

V/i rig 

0.635 

44 

4 

2 

48 

0 

Tai 1 

o 

o 

49 

. 1.5 

2 

32 

2 

Body 

0.664 

38 

], 

2 

50 

6 

Landing Gear 

0.848 

8 

15 

20 

20 

37 

Nace.l I es , py I on 

0.787 

5 

30 

30 

35 

0 

Air Ind. 

0.787 

45 

5 

4 

42 

5 

Su r f ac e Cent r o 1 s 

0.950 

20 

5 

20 

5 

50 
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The operations cost is the Direct Operating Cost (DOC) as calculated by the 
ATA method, see Basic Guidelines, Table 1. 

'i.B.P.l Development - The development cost subroutine consists of a series of 
cost estimating relationships for the following items: 

• Design engineering 

• Devel oprnent 'Pooling 

• Development Test Articles 

• Blight Test 

• Bpeeiul Support Equipment 

• Technical Data 


• Kng i n o 3 )ov chi prrient 


• A v i ■ ) n i c;> 1 to ve lopmen t 

Tne dove [oprnent c< >st estimates for the Mi,, subsonic ai rp lane and the let A 
foresee a i rp 1 arte used the b- i 0 1 1 experience as the basis for extrapolation. The 
dnvo I or inn nf cost, mo.de! was on 1 i h rated to [..-10.11 experience for the del A reference 
-! ■ ,-p | . s _ | ; ( ^ :i v|,i phen adjusted f«>r tlio added development requi red for the liquid hydro- 
j , , S y ;: ,p otL . The primary structural arrangement, of the DH,, airplane is similar to 
tq j(> 1,-10 1 ! and arlj ustmonts are only requi red To the addition of the tankage, pumps 

pibmi, ing, and e« c , t y< ■ l s l\>r the [ ■] I , } system. Ad j usfrnonf s were alsc; made to the do- 

v, o :• ; p r!l o n t items, t, ■ account T <r the added design, testing, and flight test J ue 1 ( 'ost, 

■g, r , .adjustments that were ma.de to the development cat ego ri es arc shown in Table 11. 

'[■po p , t , ” j | devel .;f)inon t cost was amort ixed over* the entire production run of Y)0 
a. i rcrall, and was. added to the air era. ft production cost, including profit, to arrive 
at., the total aircraft price. 

v* i :r ; n e dove 1 ■ :. nrnent is inc Indeed in the total price of the engine along with 

breakout of the engine R&D from the total price ot 
Engine pr i ce and engine K&D are shown 1'nr a range 

T eng i no thrust : eve : s . 


I : r >.■ -‘it arid iMipi nr wa. r rarity. Tne 
t, 1 1 • (Migine Is. shown in Table ID. 
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TABLE 11 . DEVELOPMENT COST FACTORS 




JET A 
REFERENCE 

lh 2 



AIRPLANE 

AIRPLANE 

Maximum Design Mach Number 

0.85 

0.80, 0 . 85 , 




0.90 

Number of Aircraft in 

F .tight Test 

6.0 

6.0 

Comp 1 exity Factor for 

Engineering 

1.0 

1-15 

Comp 1 exity Factor for 

Tooling 

1.0 

1 . 10 

C ( ) t n p ' i e x i t y F a c t o r i o r 

Flight Test 

. 1.0 

1.06 

Production Rate for Development 
(No. /Mo. ) 

1.0 

1.0 


TABLE 12 . ENGINE PRICE AND R&l) COST 
FOR SUBS ON LC LH ? AIRCRAFT 


Thrust, SI. S 
N 

89,000 

110,500 

133,500 

155,500 

178,000 

(IjR ) 

(20,000) 

(25,000) 

(30,000) 

( 35 , 000 ) 

(1(0,000) 

Engine R&D 
($ Mi 1 I ion:;) 

350.57 

U ! 1. . 86 

nTO.00 

525-11 

578.26 

Engine Price ($) 

( including Profit ) 

626,1)1 J 

767 , 1 80 

898,96'. 

1,031,360 

1 , . 1 . 6.1 ,468 

Engine R&D ($) 
Amr ) rt i sat ion* 

175,286 

205,928 

235,000 

262,555 

289,129 

Total Price/Engine ($) 

801 ,429 

970,108 

:i ,133,96)1 

1 , 293,915 

1 , 450,597 


* Bu s ed t j n 2 000 e ng 1 n e s . 





K. 3-2.1 Investment - The investment cost for the subsonic LH ? airplane includes 
the production cost for the airframe, engine, avionics, aircraft spares, production 
tooling, sustaining engineering, quality assurance, and technical data. Operator 
tin d maintenance trainers are not included. ihe number of tr ainers required i-> n. u ~- 
mally determined through a complete analysis of airline requirements and policy as 
to training concepts. However, such an analysis was beyond the scope of this study 
and their costs are not included. The cost factors associated with the production 
cost for the aircraft and spares are shown in Table 13. 

The production cost mode'! is illustrated in Figure 51. The cost model obtains 
the weights, for the various components of the airplane from the ASSET Program. The 
voioht:, for each component is subdivided into weights by material types, . The proper 
Tain o' hours and material cost factors are applied to each component for each materia 
t.vpo, and aggregated to determine the airframe cost. Sizing and learning curve 
factors are applied to the total airframe cost to determine the proper cost at the 
n r- Mire* 1 1 ; si quantity stipulated . The cost for sustaining engineering, production 
+ ing, etc., are determined and added to the airframe cost . The costs for engine 
a.ric avionics a. re a. added t,o the ai r frame cost, to produce the tota L rnanul act ur 1 ng 


rNVISTMFNT COST FACTORS. 
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n4 


Figure 51. Aircraft Flyaway Cost Model 




























for the airplane. Warranty, insurance, taxes and profit are included to deter 
mine the flyaway price without the prorata share of the development cost. 

'['lie relative sale price between representative liquid hydropen and -let A- 
fueled airplanes derived in this study and that of current jet transports is illus- 
trated in Pi pure *>?. The plot is in terms of sal es price versus operatinp empty 
weipht (OKW) with the dollars, per unit of empty weipht also noted. The sa.i es price 
f, , r , current transports appears to fall between Oitq/kp ( %(r}/ 1 b) an<l $l8-i/kp (v'd'l/lb) 
OKW whereas the estimate for the advanced dosipn I Ji airplane is >?<■ •*.-/ kp, V '- J : d)/ 1 •< ) . 
finvfuiced liesipn -let A airplane is estimated to cost :|fM8/kp ( t> 1 08/ lb ) . ''i i c* 

1 0; . [:[Pces, “or tho current jet ai re raft now in production are in I'Mi prices in 
i,.: consistent witi) Uie I9'n dollar price for the liquid nydrogen airplane. 

I'},,, ,.■( |v, t - the nil., .airplane shown is for the 5560 km ( 8000 n.rni) Mach 0.85 version , 

a 1 f.houoh the 10 1 of) kn ('1500 n.mi ) Much 0.85 airplane is very close to the same 


oe it; norms 


do I I 


unit of empty weipht, e.p., vo'i5/kp ( ; !>ll!/ 


o operations Post - The I <)(/(’ ATA equs.ti.ons were used for detormininp the 
din;,-;, ; jpieraf, i up cost. The basic input, factors used for calculation of the WOP are 
; ' f i = ■ v/ M n p ’ n- ' . 


! nt.f'rrn.*, n n‘i. i ('row !’■= ■ n : » 1 - ? tn t. 


ini'? * i ] v; i • i ! 
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Spares Ratio 

Airframe 
hnf ine 
Avi f micr 

lit, i 1 1 /ait -ion* 

Vj)6n km ( :-;000 rt.mi) ran/ r ,e 
; 0,100 km { ‘3 '500 ri.mi) ran^e 


10 percent 
10 percent 
10 percent 

f 600 ho urn per year 
1000 hours per' year 


Mai n bo nance 

11a i n tor i‘iru ’0 labor rate eY.OO per noar 

Maintenance nurden factor I - ' ! 


Ma. t n Lona.ru *e -‘a etc • r 

define l.abor 
Fnf i tu* hale r I a. I 


let A hh 0 

1.0 0 . 6 Y 

1.0 O.b'f 


r [ 1 } 1 1 ? , ( * j u r i tie labor a.rui na.ber I a. i maintenance coat for the ],1I 0 airplane wait reduced 
one-third becaure : i < * the o I .! ml nat ion of coklrif ami other depori bs in the c< •mbus- 
.. i = : n turbine sot-inn, a.ml the uniform distribution of heat in the burners. He- 

• : i i ; ; f 1 . , f Uia;(> same beuefi cial ol’lei'i,:;, enf i no p :’e with fuel i s expected to lie 

•; * *. . j , it ; cor i , perhaps also by a i percent; liuwovery for m inr.erv.atu nm , no credit war 
mourned for rod i a *od online sparer because of increased onfi.no I i t e. 



i-i'l/i . n i . uescribod the method by which a. point des.i.rn a. ire raft meet inf ad 
■ ; j r , t, ; " in selected from an a..rra.y o f pa. ramo t r i. e designs . From those re i ect.od 
u 1 1 . e e f fe: *t ; j r * a. cb« iron d er if n va,r i a.b i e can be examined for a part i cu I ar 
iivf. j. a, and ranpe. For example, Fipuro b -i shown tb.e effect of wi nf thickness 

;r \-,\js i n it inf. paramet, ri c desi f n e va. I uafi o n , a ut i I i.zat imi of ffOb hour r /year 
: a 1 j f ,i r a. i re raft, of both ra.npos. 
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WING GEOMETRY STUDY 
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) on DOC , press weight, block fuel and airplane price for the Much 0.t55, 
(5500 n.m-i - ) interna), tank configuration. From thin information it in 
minimum PDC occurs in the 0 - 10 percent region for all; aspect rat ion. A 
of if) percent wan no. looted to flavor the physical space necessary lor con- 
t* pear, f I apt racks, , etc. With the winy thickness thus; established, the 
aspect ratio was isolated and the results are p resented in Figure i>‘U 

the curves shows that minimum price, weipht, DOC a.nd fuel do not ocean 
e ratify. This is summarized in 'fable 1 k where each vehicle has 

ted by a, different criteria... The aspect ratios which produced preferred 
each of the selection criteria. are shown for reference. . n ad 1 ceases 
ndjid, ex 1 stod , tdio vehicle desired was chosen on the basis of minimum 1XH 

mo t hod of select,! no Tina' voh 1 0 l.e dosi r,\\ charact eri st i r o; was fo 1 1 owed for 
.0 o. i rnia.no nos ions involve.) in this study. 



WING GEOMETRY STUDY 









4.4.2 Configuration Description 

A general arrangement drawing of the internal tank, M 0.85, 10,190 km (5500 n.mi) 
400 passenger aircraft is shown in Figure 55. Externally, the aircraft is entirely 
conventional in appearance. Internally, it is quite different. The passenger com- 
partment is located in the central section of the fuselage in a double deck arrange- 
ment. Liquid hydrogen fuel tanks are located fore and aft of the passenger compart- 
ment. They occupy the full available cross section of the fuselage, except tor 
provision for protective, crushable structure around the bottom areas. No provision 
was made for a passageway through or around the forward tank to permit movement be 
tween flight station and passengers, although such access could reasonably be afforded. 
Consultation with several airline representatives on the subject failed to reveal 
any strong requirement for such access; however, it is felt thio subject require, 
further study to determine whether flight safety and/or passengei welfare demands 
the physical presence of a member of the aircraft flight crew in the passenger com- 
partment. In the absence of such evidence the design was shown without such provi- 
sion, and accordingly, the flight station was provided with special lavatory and 
£ 11 '] 1 ey f acil it ies . 

Passenger accommodations are shown in Figure 56 which shows the 10/90 percent 
class mix and seat spacing of 0.965 m (38 in.) and 0.86 m ( 3 1 * in.) reopectively , 
first class and coach. In keeping with the requirements of FAR 25 and current vi de- 
body standards, the arrangement includes adequate doors, lavatory and galley facili- 
ties. Stairwells at each end of the cabin allow access to either deck in flight. 

AH cargo is contained in the pressurized fuselage, below the lower deck which 
has space for thirteen cargo containers plus an additional If m (600 ft ) 
cargo. Further details of the design are discussed below. 

Wing: The wing configuration is shown in Figure 57 for a Mach 0.85 wing with 

a sweep angle of 35°. (Subsequent studies reduced this to 30 c ) . The high Hit de- 
vices include 15 percent leading edge slats and 35 percent double-slotted flaps 
where shown. Spoilers are used in flight, for direct lift control, and for landing 
ground run deceleration. Conventional ailerons are fitted outboard of the flap.,. 

Landing Gear: The main gear consists of two ^-wheel bogies mounted aft of the 

rear spar. They retract inward into tlfe, fuselage. The space between the retracted 
gear contains the hydraulic service center. 
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Figure 56. Passenger Accommodations - UOO Pax 
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Hydr ogen Tank and Systems : The hydrogen tank structural concept selected for 

purposes of this study is the integral type described in Section 3.1.2. All aircraft 
structural loads in addition to the fuel dynamic and pressure loads are taken by 
the tank shell. Loads are transferred from the vehicle structure to the tank ends 
by low heat-leak boron reinforced fiberglass tubes arranged in an interconnect truss 
structure. As described in Section 3.1.3, six inches of closed-cell plastic foam 
insulation, e.g. , Rohacell 1»1S (see Table 8 ) covers the tank. This is then wrapped 
by a vapor shield (Kapton) which is to prevent cryopumping in event a crack develops 
in the foam insulation. A fiberglass or composite layer covers the entire tank 
section to provide protection from physical damage. 

The tank is thus generally protected from mechanical damage by the foam insula- 
tion and its fiberglass cover. Further special protection from both foreign object 
damage and damage from maneuvers such as overrotation or tail scrape is provided on 
the bottom of the tank as shown in Figure 58. An energy absorbing, aluminum honey- 
comb structure is supported from the tank bottom. In this manner protection is also 
provided for plumbing or other aircraft systems routed adjacent to the tank. 

The tank and mounting is designed for both inflight structural and fatigue 
loads (fail safe considerations) and to withstand the emergency crash load require- 
ments of FAR 25 with a full fuel load. 

L.1.3 Vehicle Data 

Pertinent vehicle data for the 5560 km (3000 n.mi.) internal tank aircraft if, 
shown in Table .15 for the cruise Mach numbers of 0.80, 0.85 and 0.90. Similar data 
for the 10,190 km (5500 n.mi.) version is shown in Table 1.6. Significant trends of 
selection criteria with Mach number are shown in Figure 59 for both ranges. DOC, 
block fuel, price and gross weight all increase with higher cruise speeds with an 
attendant reduction in block time of 1.2 hours for the 10,190 Ion (5500 n.mi.) range, 
and 0.7 hours for the 5560 km (3000 n.mi.) range. 

3 . L Aircraft Cost Summaries - Table 17 presents cost summaries for the Mach 0.85 
TJI internal tank airplanes. The engine R&D is shown separately in this summary 
table although it is included in the price of the engine in the aircraft sizing pro- 
gram (ASSET). The Avionics is considered as off-the-shelf and R&D and price reduc- 
tion with quantity is not considered. The "Airframe Manufacturing Cost" includes 
the fabrication and assembly of the aircraft structure and subsystems including the 
installation of the systems, avionics and engines. The "other Airframe Cost" incl ' 
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Figure 58. Tank Protection Concept 







Figure 59. Effect of Cruise Speed on Values of Selection Parameters (internal Tanks) 






TABLE 17. COST SUMMARY: LH^ INTERNAL TANK AIRCRAFT, MACH 0.85 




COSTS IN $10 6 


RANGE 

5560 km 

10,190 km 

Development 




Airframe 


$ 590. 5^ 

$ 66 9 . ^ 7 

Engine 


ro 

0 

0 

U5 J t .95 

Avionics 


- 

“ 

Total 


$1,002. 5 ] i 

$l,12l Ji2 

Production 




Airframe Manufacturing Cost 

$ 11.31 

$ 12.98 

Other Airframe Cost 




Sustaining Engineering 

.78 

.90 

Tool Maintenance 

1.03 

1.19 

Q ual i t y As s u r an c e 

1.07 

1.2U 

Ml see 1.1 an eons 


.29 

.33 

Profit 


2.28 

2.62 

Warranty 


. 72 

.83 

Engine 


3.J 0 

3. 50 

Avi onics 


.50 

. 50 

Subtotal 


$ 21.08 

$ 2)i. 09 

R&D per Aircraft* 

Total Aircraft 


2.51 

2.82 

Pri ce 

$ 23.59 

$ 26. 91 

*Based on 350 aircraft and 2000 engines 
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10,190 km (5500 n.mi.) range aircraft. The DOC’s presented for each of the candi- 
date airplanes used in the parametric analysis are based on an annual utilization 
of 3285 hours regardless of range. The final evaluation of the selected airplanes 
is based on a utilization of 3600 hours for the 5560 km (3000 n.mi.) airplane and 
4000 hours for the 10,190 km (5500 n.mi.) airplane. These two utilizations predi- 
cate different structural lives for a constant depreciation period (.15 years). Since 
the longer range airplane has fewer takeoff and landings it is reasonable to assume 
that its structural life could be extended over that for the shorter range airplane. 

The DOC 1 s based on the utilizations of 3600 and 4000 hours for the 5560 km ( 3000 n.mi.) 
and 10,190 km (5500 n.mi.) ranges, respectively , are shown in the final comparison 
in Section 4.8. 


4.5 EXTERNAL TANK HYDROGEN AIRCRAFT 
4.5- 1 Paramet rl c Study Results 

The rationale of design selection described in Section 4.4.1 for the internal 
tank aircraft was also used for the external tank version. Figure 60 shows the 
effect of wing thickness ratio on the selection criteria for the longer range mis- 
sion. A ] 0 % thickness was chosen. The effect of aspect ratio is examined in Fig- 
ure 6 l. As with the internal tank aircraft, the choice of selection criteria 
(price, block fuel , gross weight, or DO C) results in different aircraft. The final 
selection was on the basis of mini mum DOC and resulted in an aspect ratio of 8 , 
Similar data, was generated and vehicles selected for the other Mach numbers of 0.80 
arid 0.90, as well as for each Mach number of the 5560 km (3000 n.mi.) aircraft. 

Based on these data, preferred designs of external tank Lll 0 -fueled aircraft were 
derived. The results are presented in Paragraph 4.5-3. 

4. 5.2 Configuration Description 

The most striking feature of the external tank aircraft design shown in Fig- 
ure 62 is of course the large wing-mounted tanks. Their physical size prevents 
mounting below the wing. To minimize drag the tank is supported on a pyl on with a 
height of approximately 1/3 the tank diameter. The tank is of integral construction 
covered with 6 ” of closed-cell, plastic foam insulation protected by an external 
fiberglass reinforced composite cover. Figure 63 is a preliminary design layout 
showing a feasible structural arrangement concept of the tank and supporting pylon. 
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EXTERNAL TANKS 
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Figure 6l. Effect of Aspect Ratio on Selection Parameters 






F 

0 


1 = F= 

5 10 

SCALE -METERS 


=1 

15 



SCALE -INCHES 

0 100 200 400 60 0 

SCALE- FEET 


CHARACTERISTICS 

WING 

HORIZ. 

VERT. 

AREA (SQ.M) 

338.2 

67.2 

36.0 

ASPECT RATIO 

8.0 

4.0 

1.6 

span Cm.) 

52.0 

16.40 

7.59 

ROOT CHORD (M.) 

9.30 

5.85 

6.76 

TIP CHORO (M) 

3.71 

2.34 

2.71 

TAPER RATIO 

0.4 

0.4 

0.4 

MAC (M.) 

6.91 

4.34" 

2.71 

SWEEP (RAD.) 

.52 

.61 

.61 

T/t ROOT (C 

10 

10 

10 

T/C TIP (*) 

10 

8 

8 


ENGINE THRUST - 172,405 NEWTONS 
GROSS WEIGHT - 198,1 10 KG. 

RANGE - 10,192 KM. 

CARGO VOLUME- TOTAL- 116.88 CU. METERS 


CL 1317- 5-1 


CHARACTERIS+ICS 

WING 

HORIZ 

F wi ftt 

AREA (SO FT) 

3640 

723 

387 

ASPECT RATIO 

8.0 

4.0 

1.6 

SPAN 

(ft) 

170 6 

53.fi 

24.9 

ROOT CHORO 

_UNl 

366 

2 30.5 

266 

TIP CHORD 


146 

92.1 

106.5 

TAPER RATIO 


0.4 

0.4 

0.4 

MAC 

(IN) 

272 

171 

197.5 

1 SWEEP (DEG) 

30 

35 

35 

T/C ROOT 


10 

10 

10 

rot tip 


10 

8 

8 


ENGINE THRUST- 38,760 LBS 
GROSS WEIGHT- 436,750 LBS 
RANGE 5500 N.M. 



PASSENGERS -T0TAL-400-l0%-90% MIX 
CARGO VOLUME TOTAL -4130 CU- FT. 


2. LINEAR DIMENSIONS IN METERS (FT. OR IN.) 

ANGLES IN RADIANS (DEGREES) 

I. DIMENSIONS IN SI (ENGLISH) UNITS 
NOTE: 


Figure 62. General Arrangement - LH2 Fuel, 
External Tank, M O.85 Transport 
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The fuselage of this aircraft has been reduced in size compared to the internal 
tank version. Six abreast seating in a double deck arrangement is provided in a 
10/90 percent class mix for the 400 passengers. Cargo volume, lavatory and galley 
facilities are equivalent to those on the internal tank aircraft. 

The tank arrangement of this aircraft simplifies the fule system arrangement 
since only one engine crossfeed line and refuel line are carried across the aircraft 
fuselage in the wing box. 

4.5,3 Vehicle Data 

Design and performance data for the selected configuration of the 5560 km (3000 
n.rni.) range external tank aircraft are shown in Table 19 for the cruise Mach numbers 
of 0 . 80 , O .85 and 0.90. Similar data for the 10,190 km (5500 n.rni.) version are shown 
in Table 20. Copies of pert inant pages of the ASSET computer printouts of these two 
aircraft are included in Appendix D. Significant trends of selection criteria with 
Mach number are shown in Figure 6h for both ranges. DOC, block fuel, price and 
gross weight all increase with higher cruise speeds with an attendant reduction of 
1.2 hours in block time for the longer range mission and 0.7 of an hour for the 
5560 km range. Comparisons of the external tank aircraft designs with corresponding 
internal tank configurations are presented in Section h . 
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TABLE 22. DIRECT OPERATING COSTS: LH EXTERNAL TANK 

AIRCRAFT, MACH 0.85 


RANGE 

5,560 k in 

10,190 km 

UNITS 

$/kin 

$/n mi 

$/ km 

$/n mi 

Crew 

0.233 

0.U32 

0.232 

0 

on 

0 

Maintenance 





Airframe Labor* 

0 . 1 U 2 

0.263 

0.137 

0 . 25 I) 

Engine Labor* 

0.071 

0.131 

O 

O 

ON 

1— 1 
1 — 1 

0 

Airframe Material 

0.071 

0.131 

0.075 

0.138 

Engine Material 

0.087 

0.l6l 

0.099 

0.1.81) 

Fuel and Oil 

0.973 

1.803 

1.112 

2.060 

Insuran ce 

0.179 

0.333 

0.212 

0.392 

Depreciation 

0.692 

1.282 

0 . 816 

1.512 

Total DOC 

2. it 1)8 

1). 536 

2.759 

5.111 


$ 

& 

(b 

<Y 

Total Unit DOC 

seat km 

seat n mi 

seat km 

seat n mi 


0.612 

1 . 13 !) 

0.690 

1.278 

* I r i c 1 u d i n g b u r d e n 


Figure 05. One is selected for further analysis and later comparison with the 
reference Jet A designs. The characteristics which are compared as bases for the 
selection include operational and maintenance features and safety potential, as well 
as the customary qualities of weight, size, energy consumption, and cost. 

h . 6. 1 Operat ions and. Maintenance Comparison 

In order to properly assess the relative merits of the candidate fueled 

aircraft designs, it was necessary to first consider how such aircraft might be 
handled in typical routine operational situations. For example, how would reiueling 
be accomplished, what type of service equipment and procedures might be used, and 
what unique servicing requirements might exist which would influence the choioe 
between the candidate aircraft configurations. 
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Figure 65. Candidate Hydrogen - Fueled Passenger Transport Aircraft 



First, considering the refueling operation, a conceptually feasible arrangement 
for an airport fueling facility is shown in Figure 66. As mentioned in Section 3.1, 
it is assumed that initially, because of existing quantity/distance relationships, 
such a facility might be located perhaps 5 U 8 m ( l 800 ft) from the passenger terminal. 
The sequence of operations involved in readying an aircraft for flight is also 
described briefly in Section 3.1. Equipment to perform the various refueling func- 
tions is conceptually described in following paragraphs. 

As illustrated in Figure 66, an airport fueling facility would include a 
liquefaction plant, cryogenically insulated storage tanks to contain the LH^ luel 
and the liquid nitrogen for cooling and purging, and associated equipment. lower 
requirements for this equipment could be supplied at least in part by boil-ofl hydro- 
gen gas. The fueling pipe loop allows continual circulation of LH^. The loop need 
not be circular of course, it can be of any configuration to suit the airport geome- 
try, During the aircraft tank warm-up or cool-down periods, as well as during re- 
fueling, vent gases can be captured and recirculated to the liquefaction plant or 
to use in ground power stations. Other utilities, gaseous hydrogen, nitrogen, 
electricity, and water, parallel the above-ground LII^ Lines. A defueling area would 
permit rapid defueling of LH^ aircraft if required. The fueling towers are unique 
and are discussed in paragraphs that follow. 

It seems apparent that the safest and most logical fueling point locations for 
the I,H 0 ai rcraft would be high and away from the passenger and flight stations. 

For example, for the Internal Tank aircraft the fueling connection could be high on 
the tail cone or in the vertical, stabilizer tip, thereby negating leak and spill 
hazards by allowing escaped gases to float well above the aircraft and ground pei - 
sonnel. The possibility of accidental- ignition of the gas at this height (approxi- 
mately 60 feet above ground level) would be minimal and if it did occur, would pose 
no serious hazard to personnel or damage to the aircraft. Further, fueling at this 
point would allow normal activity in and around the aircraft during the fueling 
operation. The height does require that special equipment be used, which leads to 
the fueling tower concept. 

The fueling tower concept provides many desirable features for LH^ aircraft 
fueling. Fuel would be passed into the aircraft by a guided boom similar to those 
used in air-to-air fueling. The boom would incorporate the following features: 
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• Sequenced operations 

• Positive aircraft, grounding 

• Fire and leak detection systems 

• Self-checking and redundant controls 

• Self-purging 

• Dual flow capability - LHp in and GH^ out 

• Automatic flow shutdown and deluge immediately upon leak or flame detection 

• Directable water nozzles 

These capabilities, plus locating the refueling connection high on the airplane 
and at one of the extremities, should eliminate many concerns over LH^ fueling, so 
far as procedural, safety design, operation and work area deficiencies which accounted 
for the majority of the mishaps reported in a NASA review of accidents and incidents 
which have occurred with hydrogen in the space program (Reference 1.1 ) . 

The aircraft would he backed in to the fueling station where the guided boom 
would be connected to the aircraft by personnel located in the tower. The fuel ing 
boom would allow the hH 0 to enter the aircraft and hydrogen boil -off gas from the 
aircraft to be returned to the ground supply system. Redundant and automatic safety 
features built in the tower would allow all other activities around the aircral t to 
proceed norma 3 1 y . 

After the aircraft is fueled, the boil -off gas would then he used to fuel on- 
hoard auxi I i ary power units. During out-of-service periods, the ARIJ's may continue 
to provide services, or the boil— off gas may again be captured arid returned, to the 
liquefaction plant, or otherwise consumed. If the hangaring of a fueled aircralt 
is required, the vent capture lines would be attached to the aircraft immediately 
upon its entering, the hangar. 

tor extended out-of-service periods, the aircraft would be defuel ed, and the 
tanks filled with an inert gas. This would allow hangaring and mechanical servicing 
without further precautions. Modern aircraft are rarely out-of-service .1 onger than 
18 hours so defuel ing operations of LH aircraft would be expected to occur very 
in frequently . 
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With these general operational and equipment concepts in mind, the candidate 
Internal Tank and External Tank LH^ aircraft designs were compared and evaluated. 
The following subjects were considered: 

• Tank accessibility 

• Fuel component accessibility 

• Fuel line routing 

• Fueling / d e f ue 1 i n g po i n t s 

• Insulation repair methods 

• Fueling pract i ces/safety 

• Main tenant; e pract I ees/ safety ( i sola ting , purging , and inert ing ) 

• Vents 

• l,e ak and fire detection systems 

• Hod undancy /safety requi rement s 

The results of the evaluation are summarized in 'I’able FT. 

It was concluded that from an operations point of view, the Internal Tank de- 
sign was pro to r rod . Considering maintenance aspects, the Externa. 1 Tank configura- 
tion offered definite advantages. Other considerations such as safety, vehicle 
per for marine , cost, energy utilization, etc . , are compared in fo ! lowing sections 
leading to an ultimate choice between the two aircraft m >nf igurat ions . 

h . (>. 1 Fafoty O an pa r i son 

The g i j 1 ■ ( 1 s.afoty record and p rv u*ed uros associated wit.li the production, storage 
handling, and use of liquid hydrogen as a fuel In the IJ.fi. space program and in 
vacuous, industrial applications provides a solid basis for development of safety 
criteria for hH 0 fueled aircraft. Most of the same problem areas affecting the 
safe operation of conventional let A aircraft must be dealt with in 1 fueled 
airplanes, w i tin special solutions requi red in many cases to safely utilize the phv 
si cal charac tie r i st 1 cs of I ,H ^ . The two candidate configurations of external and 
interna l Ilf., f ue 1 tanks we re analyzed to determine if either had a e ] ear advantage 
over the other in the following areas of safety concern: 
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TABLE 23. OPERATIONS AND MAINTENANCE COMPARISON 
LII 2 FUELED AIRCRAFT 


CONDITION 


REMARKS 


ADVANTAGE 


OPERATIONS: 


• RefueLiag 


• V e n t G a s C < j n t r o 1. 
During Out-Gf- 

i Service Re r i od s 

• Passenger Load in*: 
a n d Ass o c iatcd 

Se rv j o ing 


S i ng.l e po i nt r e f ue 1 ins possible 
with either system 

Internal tanks have single vent 
1 Lne located at highest point on 
the aircraft 

External tanks inhibit access to 
fuselage 


Neither 


Internal 


Internal 


MAINTENANCE: 


• Fuel System 


: 1 5 * inks, In s pe e t i c m 
and Repair 

Tank Rep] acumen t 


Engine supply rind refuel systems 
with ex t e r na 1 t a n k s p r ov i d e 
simpler plumbing arrangement 

Accessibility is better with external 
tanks 

Aircraft would be out-of-service for 
o x t e n d e d p e r i. c .) < 1 with internal t a n k s 


External 


Externa] 


Externa 1 


• Vuinorabi Lity to Engine Burst 

Designing for protection against engi.no turbine and fan wheel burst is a, innihi- 
ai requirement. The fuel tanks, fuel lines,, hydraulic systems, flight controls 
trlcal systems, passenger and crew accommodations, insolar as possible must be 
tod to minimize the effects of an engine burst. The application of protective 
>r po the engines, or to the external LH 0 fuel, tanks and other vulnerable fuse- 
■ area:? in the dispersion angles of an engine burst, can be one solution to the 
gem. however , lightweight protective armor capable of such protection has not 
i developed. Such development is required, to support an external, tank coniigura 
i. The internal tank arrangement should be less vulnerable to an engine burst 
will require engine burst strike zone study when detail engine configuration 
m s i ( >n s become a va i 1 ab 1 e . 




• Crashworthiness 


Prevention of fuel tank rupture and/or fire, and the safe evacuation of the 
passengers are primary concerns in present day and future aircraft involved in sur- 
vivable accidents. Studies have shown that the incorporation of controlled "break- 
away" patterns for structural members such as landing gear supports can be used to 
prevent the rupture of wing fuel tanks. This "breakaway" concept could be applied 
to the external tank configuration permitting a safe separation during a survivable 
accident. The internal tank arrangement does not lend itself to such a concept and 
requires safeguards in the form of energy absorbing materials to attain a similar 
•level of safety. This protection is provided in the designs of the Internal Tank 
configurations presented herein, 

• Passenger Evacuation During an Emergency 

Emergency evacuation from the LH Q fueled airplane should be conventional assum- 
ing the airplane is relatively intact with no fuel tank ruptures. The external fuel 
tank version offers little advantage over the internal arrangement or vice versa in 
the event of tank rupture and/or fire. The airplane will have multiple doors for 
passengers to evacuate from. Selection of forward or aft doors, right hand or Left 
hand, should provide the passengers and crew a safe 1 ooati on to exit from. If the 
fire i.s widely spread, blocking all. exits, the rapid burning and low heat radiation 
character! sties of hydrogen compared to conventional 1. fuels ran be used to an advan- 
tage. hat her than hurrying evacuation while the exits are blocked with fire, it may 
be possible to delay ) < >ng enough to al low the exits to clear but before secondary 
fires intensify. A disadvantage is, the normally colorless nature of a hydrogen/air 
llano. People could walk or run into a hydrogen-air flame before they real ize it is 
there. The formation of water vapor as a clue to the presence of hydrogen is gen- 
erally not reliable during hydrogen burning because of the rapid dissipation of the 
vapor from the heat of combustion. Smoke is present as a clue only when other 
material is being consumed. Studies are needed to determine the feasibility of using 
an additive or cither means to give leaking and/or burning hydrogen a distinctive 
o o i o r o r 1 d e n t 1 1 y i r i g characteristic. 

• Collision Vulnerability; Mid-Air and Cround 

Accident records support the selection of the internal tank arrangement as less 
vulnerable to collision. The externa! tank version would be subject to more colli- 
sion with ground service equipment, terminal facilities, other airplanes, and even 
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bird strikes. The more vulnerable areas of the external tanks would require protec- 
tion to preclude tank rupture from minor mishaps. Additional study is indicated to 
determine the effects of collision damage, both mid-air and ground, on continued 
safe flight, ground safety, fuel tank impact resistence and protection. 


• Reparation of Fuel from Passenger Areas 

The external tank configuration offers safer fuel line routing possibilities 
in that Lines to the engines will be short with a minimum of joints. Fuselage pene- 
tration will be the minimum required to provide crossfeed capability between the two 
proposed external tanks. Fuel pumps and associated wiring and valves, and the vent 
system, can he located in the wing area for maximum separation from the passenger 
compartment. However, a disadvantage is the need for the external tanks to parallel 
the passenger compartment. Major accidents involving an external tank might involve 
fuselage as, well. The internal tank arrangement will require crossfeed fuel 
lines running almost the length of the fuselage, with valves, fuel pumps, and the 
(sink vent system all within the fuselage shell. An assessment of the safety aspects 
.,(■ this design configuration including evaluation of effects of insulation failure, 
isolation of these components from the passenger area, leak detection, and passenger 
protection in survivabl.e accidents will require the development of additional design 
rietai 1 :« f‘r— in To L low— on sLudion. 

• Wheel s-Up handings. Overrotation on Take-Off and Tail-Down Flare on Landing 


, ice of' the external tank conf i guration over the internal arrangement is 
clear in oases, of inadvertent (pilot error) fuselage contact with the runway. Wheel: 
up landing, a I though rare, must also be considered as possible and again the external 
tank arrangement is, inherently safer. 


Achievement of a level of safety for the Internal tank design comparable to the 
externa: version requires fuselage energy absorbing material or special skid/bumper 
devices capable of isolating the fuselage fuel tanks from the runway and preventing 
tank rupture. As noted previously, the internal tank aircraft designs shown in this 
study all incorporate this protection and include appropriate weight penalties. 


• high tiling Strike 

The external tank configuration will be more vulnerable to lightning strikes. 
Development of adequate protection to solve this problem will require a full review 
and study of the effects of lightning on the LH^ fueled airplane especially in the 
area of the vent system. 
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• Conclusions 


A summary of the safety consideration is presented in Table 24. Either fuel 
tank arrangement, external or internal, could be selected. Design solutions to 
satisfy the areas of concern could bring both candidates to an equal level of safety. 
However, the magnitude of the task of solving the protection requirement against 
engine burst for the external tank configuration makes the internal tank approach 
more feasible and therefore more attractive. The major safety concerns for the Inter- 
nal tanks, from a safety comparison, are in the areas of crashworthiness and fuel 
system complexity within the fuselage shell. Such complexity and proximity of fuel 
tanks make it difficult to assure on a conceptual level, that the passengers will be 
adequately protected against the effects of leaking fuel and subsequent fire danger. 
Design studies and experimental testing of representative structures are needed. 

4.6.3 Ch arac t e r i s t i c s Oompa r i son 

The design and performance characteristics of the Internal Tank and External 
Tank b!I 0 rue i ed passenger aircraft are presented in detail in Sections 4.4 and 4.5, 
respectively. For convenience in comparing the two design concepts, significant 
data for the Mach O .85 cruise speed designs of each are repeated in Table 25 for the 
5560 km (3000 n.rni.) versions,, and in Table 26 for the 10,190 km ( 5500 n.ini.) ver- 
sions. Each table incLudes a column which shows a factor for comparing the values 
of each parameter listed. The comparison presents values of the External Tank de- 
sign relative to those for the Internal Tank. For example, in liable 2 5 the gross 
weight of* the External Tank air-plane is h percent greater than that of the Internal] 
Tajik design. 

In only three of* the 1.5 parameters listed is the Internal Tank design found to 
have a rating not as favorable as the External! Tank configuration. These are span, 
fuselage length, and FAH T.O. Field Length. The increase in span is so small as to 
be of no significance. It results from the difference In aspect ratio selected for 
the two designs. The increase in fuselage Length stems directly from the fact the 
internal tank design is made long enough to contain the hydrogen tanks plus the 
passenger:;. The greater field length requirement may at first glance appear signifi- 
cant; however, it must be realized the allowable field length is 2440 m (3000 ft.) 
and both IJ1 0 designs are comfortably within the limit. The fact the External Tank 
concept can takeoff in such a short distance results from Its poor L/D in cruise, 
which requires Larger engines, and which in turn provides a higher thrust-to-weight 
ratio for takeoff. 
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TABLE 24. SAFETY COMPARISON: 
INTERNAL VS EXTERNAL TANK LH^ AIRCRAFT 



CONDITION 

Vulnerability to engine 
out st 


REMARKS 

External Tanks require armor 
protection to be acceptable 


ADVANTAGE 


Internal 


Iras hwo r t hi nes s 


External Tanks can be designed to 
"breakaway" 


External 


D assenger evacuation 
luring emergency 


» No fire 


Externa.! arrangement requires 
evacuation toward fuel tanks 


Internal 


i Fire in fuel area 


Passengers should remain in 
sealed cabin 


Neither-based 
on present 
information 


q id- a i r a n d gr < .) u n d 

col l ision vti.l nerabi 1 ity 


External Tanks are more vulner- 
able to minor collisions 


Interna 1 


) e p a r a t i c .> n o f fuel f r < mi 
passenger areas 


Average separation distance 
greater’ for Internal. Tank 
arrangement 


Internal 


Kuel line length to 
engines and ! ine entry 
into fuse i.age 


Safe practice dictates minimal 
entry of fuel lines into fuselage. 
Short runs with a minimum of 
breaks from tank to engines make 
tor a safer system 


External 


Whee l s-up 1 findings , 

\ ) v er-r < > t a t i c > n o n t a k e - 
■: ) ft a ri' i t a i ! - d own flare 
on landing 


The fuselage tanks require energy 
absorbing material or devices be- 
tween the tanks and fuselage skin 


External 


high t,n.i ng strike 


External Tanks vulnerab.l e 
require protection 


Internal 


GH,.. 1 eak 


Ends of Internal Tanks require 
forced venting or purge 


External 
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The I ast three i term; in the table are the most significant. In each 
of there, energy utilization, a.i rpi ane price, arid direct ope rat i ng cost, the Internal 
Tank r'm fi gu ration is the obvious choice by a In .rye margin. 

It is of interest to note that the advantage of* the' internal Tank design de- 
creases with range. It is possible that at, shorter ranges the Mxtcrnai Tank configu- 
ration may offer some advantages. 

t . 6 . t ft j_r jtfn a r y and 0 1 e i e e tin rt 

The fo i I owing Is a summary of the cone 1 us ions reached regarding the two design 
concepts, In each of the areas of cons; iderati on : 


Charao ter i st i e 


1 1 r o { e r ret , 
ank Arrangement 


Ope rat ions 


Interna 


Mai n ton ance 


Kxternu. 


n t en : a.i 


K/t err a 


In orgy ut i I \ zat ion 


1 n tv run 


; n T,e rna : 


ri ro r, t Ope rat mg O v 


It was recommend* 


that tine fntou 


'O’j. ! . u.nr: ces i : * n 


•raft be selected for further arm iysis a.nd sunseu seat e us.rro 


re j V ' re n ce - 1 e t A a. I re ra ft, , 


he recommend as j ■ ,n was acceptor 


■ : t . Y Ok'; 1 a) ai rcrakt 

I* 1 - u 1 lowing the rat ional e and method already described f\ 


i y d v j g e ! i - f u e 1. o c 3 ? i i r c r a f t , c ha r ac t e r i s t L c s < ; f t : i e 
/ere chosen for ranges ;f 556-0 km and .10,190 km. 


? n c e 0 , e t 


:ensi t i vity 


led; air era: 


selection of wing thickness of i 0 percent and an aspect rati 


i. 0 r ij ' j j n 


s t a t: e d in t h e s t u dy g r • . u n r i rules, t p e o n I y c r u 1 : > e 1 • a i : h n ; mb e r i r ; v e s a i- 


ya tod f r ; i’ t h e eTet A - f uele d a i r c r a f t v;.a s 0 . 8 5 . 
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The general arrangement of the Jet A referenc e aircraft is shown in Figui e 67 » 
using the long range version for illustration. The fuselage arrangement is the same 
an that of the external tank hydrogen aircraft described in Section h.5.2. All fuel 
is contained in the wing box structure resulting in some load relief for this wing 
compared to the hydrogen design. 

A tabulation of vehicle data for both the 55^0 Ion (3000 n.rai) and 10,190 km 
(5500 n.mi.), Mach 0.85 aircraft is shown in Table 27. Table 28 presents a summary 
of development and production costs for the Jet A airplanes. A breakdown of Direct 
Operating Hosts is presented in Table 29* As noted, the fuel price basis shown in 
the table is the baseline cost specified for purposes of this study. 

A comparison of these reference .let A aircraft with corresponding designs of 
the preferred configuration of I,is 0 fueled vehicles is presented in the following 
sect:, lo n. 


HKHKKF'rn KVAliUATI ON: UF„ VII .IRT A PASSING HR A I R0RAK 


; ;ne of the objective;: of this study was to assess the potential advantages of 
using liquid hydrogen as fuel in long range, subsonic transport aircraft, compared 
wit.ii using conventional hydrocarbon fuel (.let A) in equivalent advanced design 
aircraft,. The results of this comparison are presented in this section. 


t. 8 . I Gharnctori sties Comparison 


; i e ct :i on . Y . 

i.n Jii f i gurut i< • 
cruft, is pr 


Lop i s. t i os < > f the reference J el A passenger airorat t are p r esent od in 
A dent; r .i pi, i. ■■ >n u f t lie I d{ , > fueled In t e rn a 1 Tank a I r c r a IT, c o n e ept , 'the 
, n -elected in Section Y . 6 for comparison with the reference Jet A air- 
•on on ted in Meet ion Y . Y . Note, however, that the design character! sties 


and performance of the ai rcraft presented, in the present section differ somewhat 
(Vom those g 1 ven in preceding sections. Values presented herein represent a Pina 
iteration of the des i gns and are referred to as "Final Design, 


p, ;r convenience, Tables 30 and 3 L present a summary ol significant design and 


per f- j rmanc e data for final designs of the aircraft using each fuel,. .1 able v 0 lioto 
data for the 5560 km (3000 n.mi.), Mach 0.85 aircraft and Table 3"! shows similar 
information for the .10,190 kin ( 5500 n.mi.) Mach 0.85 designs. Each table also shows 
a factor which compares the value of each parameter listed for the Jet A design 
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CHARACTERISTICS 

WING 

HORIZ. 

VERT. 

AREA (SQ. M ) 

388 8 

78.4 

47.7 

ASPECT RATIO 

9 

4 

1.6 

SPAN CM) 

59.13 

17.71 

8.74 

ROOT CHORO (M.) 

939 

6.32 

7.80 

TIP CHORO (MO 

3.75 

2.53 

3.12 

TAPER RATIO 

.4 

.4 

.4 

MAC (M.) 

7.01 

4.72 

5.82 

SWEEP (RAD) 

.52 

.61 

.61 

T/C ROOT (X) 

1 1.8 

9 

9 

T/C TIP (X) 

8.5 

9 

9 


ENGINE THRUST - 145,418 NEWTONS 
GR05S WEIGHT - 237.275 KG. 

RANGE- 10,192 KM. 

CARGO VOLUME - TOTAL I I 7.3 CU. METERS 


CHARACTERISTICS 

WING 

HORIZ 

VERT 

AREA (SO FT) 

4184.7 

844.2 

513.5 

ASPECT RATIO 

9 

4 

1.6 

SPAN (FT) 

194 

58.11 

2 a 66 

ROOT CHORO (IN) 

369-8 

249 

3071 

TIP CHORO (IN) 

147.8 

9»6 

122-8 

TAPER RATIO 

4 

4 

4 

MAC (IN) 

. 276 

186 

229 

SWEEP - % (DEG) 

30 

35 

35 

T/C ROOT (%) 

11.8 

9 

9 

TA TIP (X) 

8-5 

9 

9 


ENGINE THRUST- 32 693 LBS 
GROSS WEIGHT- 523094 LBS 
RANGE 5500 N.M. 


PASSENGERS -TOTAL -400 - 10% -90% MIX 
CARGO VOLUME-TOTAL 4143 CU-FT 





BULK CARGO - 
8 49 CU. METERS ' 
(300 CU FT.) 



5.08 (16.67 FT.) 


W L 0 






TABLE 28. COST SUMMARY: JET A PASSENGER AIRCRAFT 


RANGE 


Development 

Airframe 
Engine 
Avioni cs 

Tot a]. 

Production 

Airframe Manufacturing Cost 
0 1 h e r A i r f r am e 0 o s t 

S us t ai n i ng Engi ne cr i ng 
T( jo 1 Mai nt enanc e 
Qua \ ity Assurance 
Misc'e 1. 1 ? menus 
Profit 
War ran t>y 


Gubtota ]. 

R ?c D per A: rcr a f t * 

T t )t a] Aire r a ft Price 


COSTS 

[N $10 6 

5560 km 

10,190 km 

$ 565.99 

$ 692.51 

350.85 

116.5Y 

$ 916 . 8 H 

$ 1 , 109.08 

$ 11 . :u 

$ 12.87 

.76 

.88 

1 . 00 

l . 16 

1 . Oh 

.1 . 21 . 

. 28 

. 82 

?.?h 

2. 59 

. 7:1 

. 82 

9.66 

3.29 

. 50 

. 50 

0 80.30 

$ 23. 6h 

2. 32 

2 . 8l 

$ 22 . 62 

$ 26. H 5 


350 aircraft and 2000 enginer 


LSffl 


TABLE 29. DIRECT OPERATING COSTS: JET A PASSENGER AIRCRAFT 


RANGE 

5,560 km 

10,190 km 

UNITS 

$/ km 

$/n mi 

$/ krn 

$/n mi 

Crew 

0.238 

0.770 

0.238 

0.770 

Maintenance 





Ai r frame Labor 
( i n eluding Burden ) 

0 . 1 U 9 

0.276 

0.178 

0.277 

Engine Labor 
( f nc lading Burden) 

0.097 

0 .l 80 

0.103 

0 . .1 90 

A i r f r a me I la tori a 1 

0.068 

0. 126 

0.068 

0. 127 

Engine Materia 1 

0.095 

0.176 

o.io8 

0 . 1.99 

Fuel * and Oi l 

o.y}6 

1 .031 

0.61 0 

1 . 1 31 

I ns u ranee 

0. 163 

0.303 

0.186 

0.37-7 

Decree i at .ion. 

0.623 

i.155 

0.709 

1 . 3.1 ! * 

Total DOC 

i .989 

3.687 

2 . 1 TO 

7.019 


$ 

0 

<5 

f k 

T'ttal Unit DOC 

seat km 

seat n rn I 

seat km 

seat, n mi 


0.1)97 

0.922 

0 . 55 3 

LT\ 

0 

0 

*Bnsed (in Jet A fuel cost - ;] 

r/ 1 . 0 ^), O.J ( 

:$2/10° Bt.U = r 




with that of the LH p fueled airplane. Thus, in Tab I e 30 the gross weight of the 
5000 km range reference airplane is 21 percent greater than that of the LHp air- 
plane designed to perform an identical mission using the same technology base. 
Copies of pertinent sheets of the ASSET computer printouts for each of these final 
design aircraft are presented in Appendix D. 

Generally, comparing the values listed in the columns of both tables, it is 
seen that the LH^ aircraft offer significant advantage in almost every category of 
comparison at both ranges. The penalties occasioned by the density and cryogenic 
temperature of liquid hydrogen, reflected in the values shown for Lift /Drag, are 
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more than overcome by the tremendous advantage of the heating value of the fuel, cf. , 
values listed for specific fuel consumption. Basically the LH^ aircraft are lighter, 
require smaller wings but larger fuselages, use smaller engines, can takeoff in 
shorter distances, and use less energy per seat mile in performing their missions. 

[t is also noted that at the shorter range, a comparatively smaller advantage is 
realized. This latter is a trend which could be anticipated. Since the basis ior 
the superiority of the LHg-fueled aircraft lies in the high heating value of the 
fuel, a design mission which requires a large amount of fuel will automatically 
< ) f f e r the max irrium pay o ft for us i ng LH ^ • 

The heating values of the fuels used in this study are 42,800 k.T/kg ( l8,HOO 
Btu/lb) for -let A, and 120,000 kd/kg (51,590 Btu/lb) for hydrogen. This is a ratio 
...f ,o # 3 j n i- nv , ;r of hydrogen which accounts for the principle portion of the differ- 
ence in speed fit; fuel consumptions (2>F0) listed in the tables. The ratio o. cruise 
Tl'T's, Jet, A— to— LH,. , i i sted in Table 11 is 2.92. The extra advantage given the 
hydrogen system over the factor of 2.8 expected from comparison of the heating values, 
is due to the requirement to cool the high pressure turbine stages of the Jet A 
casino with air bind from itu comp-rem >r . 
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• Lower operating costs —because items such as wheels, tires, and brakes, 
all significant maintenance cost items, are sized on that basis. 

• Smaller engines — which serve to minimize procurement costs and also lower 
maintenance costs. 

In addition, of course, lighter aircraft are easier to handle on the ground 
and tend to minimize size and cost of equipment required, although this is not a 
factor of great significance unless the ground handling equipment is purchased speci- 
fically for the subject aircraft. 

The very Low density of LH^, plus the requirement for a thick insulation sys- 
tem around the tanks to contain the fuel at cryogenic temperature, poses design 
problems which ultimately are ref] ected in weight and drag penalties for the aircraft 
Thus, even though LH n airplanes require only about one-third the weight of fuel, the 
operating empty weights of the LH^ and Jet A designs are virtually the same. The 
hydrogen design is nearly two percent greater in the case of the shorter range mis- 
sion, and not quite one percent .less for the longer range mission. The lift /drag 
ratios in cruise reflect a penalty for the LH 0 aircraft amounting to approximately 
10 percent f o r b c > t h mi s s 1 < > n s . 

In spite of these penalties occasioned by the density and temperature of liquid 
hydrogen, us previously observed the tremendous advantage of the large heating value 
of the fuel more Linn compensates . figure 68 illustrates the major physical size 
differences using the long range aircraft for comparison. The span of the LH 0 air- 
p J ano is 6.0 m (00.1 ft.) less, the wing area is almost 00 percent smaller; however, 
the fi.isei.age is 6.Y rn ( PP ft.) longer and 0. Y9 m ( P . 6 ft.) larger in diameter in 
order to provide room for* the? fuel tanks in the fuselage. 

A factor of particular interest is the comparison of energy utilization. This 
is the amount of energy expended in performing the mission, expressed in terms of 
avail able seats x distance traveled. The LH aircraft uses IP percent less energy 
in transporting hOO passengers a distance of .10, POO km (15500 rurni.) at M 0.85 than 
does a f( mrpurab ! e design aircraft which uses Jet A fuel. for the 5 570 Ion (3000 n.mi. 
range mission the LH.^ aircraft uses 5 percent less energy than the Jet A fueled 
desi gn. 

Table 3P is a summary of costs calculated for the subject aircraft. The basis 
for these cost estimates is presented in Section H . h for the Internal Tank LH 0 air- 
craft, and in Section h . '( for the Jet A aircraft. One notable difference is in the 


173 




174 


Figure 68. Size Comparison: LK2 Vs. Jet A Passenger Aircraft 







TABLE 32. COST COMPARISON: 

LH VS JET A PASSENGER AIRCRAFT 

(Refer to Tables 30 and 3.1 for Vehicle Data) 
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-lot A = $2/1.05)1 0,1 

($2/ JO 6 Btu 

= P- 1 * . 80/tfa. 1 

= 3.688/lb) 


LH,, = $ 3 / 1 . 05)1 GJ 

($3/10 6 Btu 

= J 5.488/ lb) 




*hM.:;ed on 3(10 aircraft and 2000 engines 
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Direct Operating Cost. In the preceding sections, a nominal utilization of 3285 
hours per year was used. For the final design versions shown herein, utilizations 
of 3285 hours per year was used. For the final design versions shown heiein, 
utilization of 3600 hrs/yr and >+000 hrs/yr, were used in calculating DOC's for the 
5560 km and the 10,190 km range aircraft, respectively. In the comparison shown in 
Table 32 the LHg aircraft are seen to cost more, both to develop and to produce, 
than their Jet A counterparts. The production cost of the shorter range LHg aircraft 
is / percent greater than its reference airplane and the longer range LH^ vehicle 
costs 1.6 percent more than the corresponding Jet A fueled aircraft. 

In considering the development costs, it should be noted that the cost of basic 


hydrogen technology development was assumed to be funded separate and apai t liom the 
traditional aircraft development costs represented in the table. As discussed later 
in this report. Section 6.0, a six year program is suggested during which such tech- 
rio.ingy development would occur before a decision need be made to proceed with develop- 
ment of a commercial transport airplane. The cost of this basic technology develop- 
ment Is not. Included in the costs shown in Table 32. 


;,>i reel operating cost (DOC) is very sensitive to fuel 
'fable 32, the fuel prices whicii were specified for use in 
bn.se! i lie IXHJ's were $2 per 1.05/ 0J ($2/l0 6 Btu) for Jet A 
3. 68// lb., and $3 per 1 .05 1 ' 0.J ($3 per million Htu’s) for 


c out. An noted in 
this study to establish 

, equivalent to 24.8^/gal. 

3 ill n , vh i e h 1 s e q ua 1 to 


or 


1 5. Y8Y/ \ b. ’Hie 
ranyo a. i r r ru 1*1, 
t'uo I e /proceed 
re !‘o renoo uc r< is 


sensitivity of DOC te fuel cost is shown in Figure 69 for the shorter 
and in Fiyure Y0 f’or t,he .longer rar u$c vehi e 1 es» . The prise o! det i\ 

In the more fami 1 iar tern i no lo^y nC cents per gallon is shown tor 
s the trip of the yrid in both fMyuroo. 


T, provide perspective for these comparisons. Figure TO shows recent prices paid 
bv IF.n. ai r lines for .Jet A fuel, and some recent estimates of prices forecast for 
111 ,. in September, 197/, according to Reference 12, domestic trunk airlines in the 
United States reported paying ?Wgal . for Jet A fuel. In the same month the U.2. 
international carriers reported paying an average of 38/ /gal . Recent estimates of 
the potential cost of manufacturing gaseous hydrogen from coal (or lignite) plus 
water, pipelining it to a vicinity near an airport, and there liquefying and storing 
it ready for use in aircraft are also indicated on the figure. The $2.50 per 
I.05 ; t kJ (ifh Rtu) (Ultimate of Reference 13 was based on use ol C . Id /Mg ( yi/ton ) 
coal, a 2760 Mg/day (2500 ton /day) processing plant, and pipelining the gaseous 
hydrogen 1 85 8 km (1000 n. mi) to the airport. The $3.05/1.05'/ kJ (.10 Btu) estimate 
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i r Hei'erence U* was based on use of $2. 76 /Kg ($2. 50/ton) lignite, a 1101 Mg /day 
Mono ton A lay) processing pi ant , and pipelining 556 km (300 n. mi) to the aii’port. 

The dotted line on Figures 69 and 70, drawn horizontally to represent constant 
lt d -n not}; figures , shows that from the estimated production cost of 32*50 per 
1.05’* GJ ( 1.0° Btu) tv<r uH 0 , airlines could afford to pay 21 . 56 more per 1.054 GJ 
f-'r ! for the shorter range mission and a hh$ differential for EH 0 for flying the 
Pctger range mission. expressed from another point of view, i f PH 0 is available at 
this price, :vr routes of 5500 km (3000 n mi), when Jet A fuel, exceeds a price of 
ab ut Jdo/gal. the airlines could demonstrate lower D0C r s if t hey were able to -p- 

erato ai rc raft fueled with T.rM. The corresponding breakeven point for the price ■ V 

Jot A oi the 10 , ioo km r rate is ab- • ut 266/gai. 

a ! 1 • o ‘ the c g. s t cal o 1 1 } a t i •. ^ n s prese nt ed in this s e c t i o t 1 t h e l > a. s i s i n ut i i i z a - 
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too ; ' T s were ca 1 ou ’ a ted using the nominal fuel, prices specified in the guide : ines 
‘ 0 * he study, Hie squares indicate baseline conditions . There is no significant 
1 : ffer^er. *o in toe sons Ltd v i ty ai waft using either fuel to utilization rate. 

:• ; g = ; " so vs the sensitivity nf P r 'G of the subject aircraft t "• maintenance 
* o ; s. A.su in, he D-d caicuiati: ns were Biased on the nominal prices specif ied f • r 
ho'' ‘he ‘ 0 . 7 cry i rig the cost of mu i ntenar.ee by plus and minus l 0 percent lias no 

v • n the relative rating f the aircraft on a JOG basis. 1': t : ' t 1 is reoitively 

; os-os [ t i yo t changes in maintenance c.-sts. 

Feu ora : :. .use standards for eomme rc i al transport aircraft were introduced in 
by ‘ :/ s he ieral .Aviation Admin is t rat ion through FAR Part 3b (Reference 15), and 
oev; u : ane programs since then have included in their design requirements the 

.o.ouino r bettering of the noise ] in: its of the Regulation. These noise limits, 

00 i 0 ; va ry wi to. the takeoff gross weight of the airplane, are specified in effective 
er- v: ve i n iso level ( FPU..) in units • ;f EFTIdB. This subjective noise measure weighs 

co. st data adding to 32.30'' 1.051 GJ Btu) through Aiquefac- 

vst ;f 256/1- 053 GJ was a 1 led (based on data from Pefer- 
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'igure 70. Sensitivity of DOG to Fuel Price (Long Range Passenger Aircraft) 
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Figure 72. DOC Sensitivity to Maint 





the one-third octave— "band frequency spectra of flyover noise according to an empiri- 
cal human noisiness response and includes a pure tone penalty and duration correc- 
tion. Noise Limits must be met at takeoff, sideline, and approach points. 

For more complete evaluation of the noise impact of aircraft operation on the 
community than is provided by the three-point system of FAR Part 36, maximum noise 
contours, often referred to as "footprints,” are utilized. The evaluation may be 
in terms of areas enclosed by contours at specified noise levels, or contour plots 
drawn to proper scale may be superimposed on the map of any particular airport com- 
munity to indicate noise exposure patterns. 

The noise analysis of the passenger transport aircraft considered four vehicles; 
the ‘^elected 1 jH , > — fueled designs) and reference Jet A— fueled aircraft oi equivalent 

i . 

mii'Kion capability, one each for 5560 and 1.0,190 km (3000 and 5500 n mi) ratine carry- 
ing a payload ”1' 39,000 ktf (88,000 lb). Two noise goals — to meet limits of FAR 
hurt, 3fi minus 20 Fluid B, and to achieve an enclosed area of 5.180 km (2 square miles) 
for the approach— p 3 us— takeoff 90 EPNdB contour guided the study. 

The acoustical design of the power plants for the LH 0 study aircraft included a 
var i s.b I e get met ry i n 1 oh , which would cent rol. forward radiated noise effect i ve ly . 

Also, provision was rna.de (‘or su f f i oi out rnu.l t.i degree of freedom aeoust ,i ea.l lining in 
ope p r! mar v nozzle to reduce a >re engine and turbine noise so that they would not 
tie major ci >ntr.i.butors to total flyover noise. Jot noise, calculated by the RAF 
method of Reference 1 6 , was found to bo negl igible. A1 t ra.dia.ted fan noise then i c— 
mained as the cent ro l l.ing aeons t .i ca 1 fa.ctor, and. a full length treated fan discharge 
duet with one treat, ed ring splitter was i neorpevratod in the nacelle design to obtain 
at least, 2.0 dB suppression, to match what could reasonably be expected for the inlet 
and the core engine. 

The calculation of engine noise generation and Liner performance were based on 
the largely empirical noise prediction methods of Reference If. Airframe noise, 
produced by the motion of the airplane through the air, was determined by a T.oekheod- 
California Company developed procedure (Reference lo) and was found to contribute 
s Lgn L f leant ly to approach noise. The basic airplane noise characteristics along 
with airplane performance information were inputs to the Boekhoed-Cal if ornia Company 
"No j so Definit ion" procedure (Reference 19), which was used to establish FAR Fart 36 
noise levels and the 90 EPNdB maximum noise contours for the four airplanes. The 
results are given in Table 33. The 90 EPNdB contours are shown on Figure 73. 
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Examining the FAR Part 36 noise values for the study airplanes, it is seen that 
the LH^ aircraft are 5 EPNdB quieter on takeoff than Jet A aircraft. This is due 
primarily to the lighter takeoff weight of the LH^ aircraft. The sideline differ- 
ences are negligible and are due to the design requirement that all engines be 20 dB 
quieter than FAR 36 limits. On approach however, the LH^ aircraft are noiser. This 
stems from the fact the LH^ aircraft have smaller engines, they have lower L/D, and are 
about the same weight as the Jet A fueled aircraft after flying a full range mission. 
Consequently, the LH^ aircraft must operate their smaller engines at a more advanced 
throttle setting to maintain a 3 degree glide slope in approach, and are therefore noiser. 

It is also seen that the goal o V 20 dB lower than current limits is, achieved 
only at the sideline. Levels about 15 dB below current limits are achieved for 
takeoff, but only about 10 dB for approach. Takeoff levels possibly could, be re- 
duced further by additional nacelle treatment and by improved airplane performance. 

Further reduction of approach noise, however, is limited by the airframe noise floor, 
which is approximately equal to the treated engine noise of this study. Consequently, 
even if the engines were not operating at all. during landing approach, the noise 
would, only be about 3 dB less than shown. 

With regard to the 90 EPNdB contours, the same comments apply as were made in 
the preceding paragraph for the FAR Part 3 6 values. The total areas achieved are 
apparently about twice as great as the goal of 5.180 square kilometers (2 square 
st. mi). However, there is an art i fi trial i.ty in the results because of the duration 
correction of the EPNL procedure. Since at start of takeoff roll, the airplane's 
forward velocity is zero, the duration correction approaches infinity. A small veloc- 
ity of 1.6 knots, was assumed for the passenger aircraft to avoid this problem, but 
still gave an unreal i stically wide footprint. if the EPNL were considered only after 
the airplane had achieved approx i mate I y lift-off speed, the 90 EPNdB areas would 
be decreased by about 2.5 km' - (l sq. mi). Any improvement in takeoff noise aimed at 
meeting FAR 36 minus 20 dB would decrease takeoff contour area further; the enclosed 
area, is; very sensitive to basic noise changes. However, the original goal may not 
bo realistic since the approach contour area, which is normally the smaller of the 
two, if; about one-half of the goal area. As discussed above, the approach noise, 
because of the airframe noise floor, is not amenable to additional substantial 
red net Lons . 
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'+.8.3 Emissions 


Table 3)1 compares the estimated exhaust emissions of the hydrocargon and hydro- 
gen fueled engines derived for this study with the goals specified by NASA as target 
values (Reference U). The estimated levels are based on data obtained from Refer- 
ences 20, 21, 22, and 23. As can be seen the estimates of carbon monoxide (CO) and 
unburned hydrocarbons for the hydrocarbon fueled engines at idle power are double 
the NASA goals. However, these engines will not produce visible smoke during takeoff 
The hydrogen fueled engines produce no CO, unburned HC or smoke because there are 
no carbon atoms in the fuel . 


The p;oal a for engine emissions are specified in terms of 1000 weight units 01 
fuel burned. Tt is not meaningful to compare emissions from hydrocarbon fueled 
engines with hydrogen fueled engines on this basis because of the large difference 
in heating values of the fuels. Accordingly , NO^ emissions were adjusted to a 
basis of heat release equal to one weight unit of hydrocarbon fuel by dividing the 
I(H v;i lue by 2.81. These adjusted estimates show that hydrocarbon and hydrogen 
fueled engines would have about the same rate of oxides of nitrogen (N0 x ) formation 
and that the MO,, emissions from both fuels will meet the specified goals. However, 
theoretical chemical kinetics predicts that much lower NO^ emissions, are possible 
„IUi hydrogen by lowering primary combustion zone fuel /air ratios and dwell time. 
That is, considerably more potential exists for minimizing nitrogen oxide emissions 
with hydrogen than with kerosene because of the ease with which hydrogen can be in- 
1, reduced into the combustor as a gaseous fuel, its high di f fusi vi ty, its wide flam- 
mability range, and its higher burning velocity. However additional combustor re- 
search will bo required to determine practicable achievable lower limits. 

Reference 24 indicates, that NO emissions at cruise altitude will be approximately 
seventeen percent of the emissions per 1000 weight units ol 1 ue 1 at takeofi. 

The principle exhaust product resulting from combustion of hydrogen with air is 
water vapor. Home concern has been expressed that large numbers ol Tit, -fueled air- 
craft might wreak havoc with atmospheric conditions because of the water vapor de- 
posited at cruise altitude. Calculations show that such tears are inmndle.,.,. 

The 10,190 km range 400 passenger Lit, fueled airplane whose characteristics are 
shown in Table 31 produces 20.2 kg of water/km (82.4 lb/n mi) during cruise. 

The corresponding Jet A fueled aircraft makes 10.3 kg of water/km (41.9 lb/n mi). 

Although the T,H Q fueled airplane produces nearly twice as much water vapor, the 
total is still so small compared with the amount that is already in the atmosphere 
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TABLE 34. ENGINE EMISSION ESTIMATES (l) 



ENGINE 

CONDITION 


ESTIMATED EMISSION LEVEL 

EMISSION TYPE 

GOALS 

HYDROCARBON 

HYDROGEN 

CO 

Idle 

14 

30 

0 

Unburned HC 

Idle 

2 

4 

0 

Smoke ( 2 ) 

Takeoff 

25 

15 

0 

NO 

X 

Takeoff 

13 

12 

<12 (3) 


(l) Emissions expressed as weight unit of emissions per 1000 weight units 
of fuel, g/kg, (except see note 3). 

(?) SAE LIT 9 smoke number. 

(3) Because of the much greater heating value of hydrogen this estimate 
has been converted, by dividing by 2.8] . , the ratio ol iuel heating 
values, to equivalent energy weight units of hydrocarbon fuel. 


the comparison is meaningless. For example, the water vapor emitted by the subject 
airplane during cruise would be a layer approximately 1.2pm ( 0.00008 in.) thick 
across the width of the engine exhaust nozzles. 

T.8.H Safety 

This section compares safety aspects of using LH^ and Jet A fuels in aircraft 
and suggests areas where experimental data and technological advances are needed to 
develop an III ^ fueled aircraft. Some of the safety aspects are: 

1. The ullage space in the tank of a Jet A fueled aircraft is flammable or 
detonable over a broad range of pressures and temperatures; that is, from 
about 1 00°F to l60°F at sea level, and from about hO°F to 90°F at 50,000 foot 
altitude because a mixture of air and fuel vapor exists in the tank. On 
the other hand, the vapor space in a LH^ tank is not flammable because air 
is excluded from the tank. 

2. Assuming the energy release from a Jet A and a hydrogen fire is the same, 
one could expect significantly less damage to the surroundings from the 
hydrogen fire because of its relatively rapid burning rate and low emis- 
sivity (radiant heat transfer). 
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3. Since much less radiant heat transfer, smoke, and noxious products of com- 
bustion are produced from fires compared to Jet A fires, in a survivable 
crash where a fuel fire ensues, passenger safety should be greatly enhanced 
if the fuel is LH^. 

l t . Assuming deflagration does not occur, large leakage of l\ ? within the air- 
craft is likely to be more hazardous than leakage of .let A because ot the 
hazard of detonation in a confined space. 

5. T,H is non-toxic, however it presents a unique health hazard to personnel 
because contact with the eyes or skin can cause freezing ot the tissue. 

.let A fuel, is a minor skin irritant but its vapors are toxic at levels of 

500 ppm. 

6. Rapid diffusion and evaporation of spilled I.Hp limits the time when a 
Hummable mixture might be present. A spill of a quantity of Jet A having 
equal energy content would present a hazard for a much longer time span 
and over a much larger area. 

Y. Flammable mixtures of both H,, and Jet A can be ignited by a hot surface or 
electrical spark. The relative hazard of the two fuels can he judged by 
considering the following facts: The hot surface ignition temperature of 


d .let A is about 593° C (M00°F) and 21 6 ° 0 (h20°F), respectively 


'i'he 


H r) un 

minimum energy required to ignite the fuels is about 0.02 and 0.2 mini- 
joules for H 0 and Jet A respectively. Thus, it is concluded that :I ;) is 
safer from the point of view of hot surface ignition but Jess safe from 
L {’T\ 1 1 i ' ii i by .spark:; t'rorn e ) eci. r\i cm ! d'i charge s . 

Techno logical Advances Required — Some of the areas where experimental data 
and technological advances are needed to develop safe lib, fueled aircraft are illus- 
trated by the following. For many years, the FA A has considered 1092°0 (2000°F) as 
the typical flame temperature of a powerpl ant fire. Accordingly, Technical bei vice 
Orders (TOO), an T<‘AA document, specify fire resistant properties of equipment which 
must function during powerpl ant fire conditions. Fire detection devices and hoses 
carrying flammable fluids within designated fire zones are examples oi equipment 
subject to TOO regulation. To show TSO compliance, this equipment must withstand 
fire from a standard burner which has a flame temperature of 1092°C (2000°F). Since 
the typical flame temperature in a LH p fueled powerplant fire is not known, research 
should be undertaken to determine it. The FAA's National Aviation Facility 


188 


Experimental Center at Atlantic City, New Jersey, has done full scale testing using 
hydrocarbon fuels. Similar work is needed using LH^. 

The following is a list of required technological advances. 

1. The characteristics (flame temperature, heat flux) of a typical LH^ fuel 
system or powerplant fire should be determined. 

2. Optimum means of fire detection and extinguishment should be developed for 
all areas of the aircraft. 

3. The ex-creme volatility of LH^ and its wide flammability range, plus the 
likelihood that fuel tanks or plumbing will be located in confined spaces, 
indicates that some type of leak detection system must be developed to warn 
the crew of a flammable atmosphere wherever it might exist within critical 
areas of the aircraft. 

h. The minimum energy required to ignite flammable mixtures of and air is 
about 0.02 milli joules which is an order of magnitude less than that re- 
quired to ignite hydrocarbon/air mixtures. Therefore, new standards of 
shielding or rendering vapor-tight must be developed for equipment which 
may be exposed to a H Q /air atmosphere. 

f. At certain times during both ground and flight operation, gaseous hydrogen 
will be vented from the fuel tanks. Research leading to an effective vent 
exit design (flame arrestors, etc.) which would prevent damage to the air- 
craft if vent gas is ignited should be undertaken. The possibility of 
always maintaining an inert atmosphere within the tank during maintenance 
or servicing cannot be guaranteed; therefore, every effort must be made to 
prevent flashing at the vent exit from entering the tank. 

In summary it is believed that the hazards associated with the use of LH^ are 
less than those associated with Jet A, but because of their differing physical and 
combustion properties, new designs and operational procedures will be required to 
make certain that today's level of fire protection is met and even exceeded. 


h . 9 LAKCER PAYLOAD DESIGNS 

The effect of larger payload requirements on LH 0 aircraft design and operational 
characteristics was investigated by establishing designs to carry 600 and 800 
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passengers over the specified ranges at M 0.85 cruise speed. All aircraft were 
designed to the same guidelines used throughout the study for the 4 00 passenger 
vehie] es. 

Figures 74 and 75, 7 6 and 77 illustrate the general arrangements and the passen- 
ger cabin arrangements evolved for the 600 and 300 passenger versions, respectively. 
The Internal Tank design concept selected for the 4 00 passenger aircraft was used. 

Both aircraft retain the double deck passenger arrangement, with fuel tanks both 
forward and aft. In order to enlarge the passenger compartment to carry the required 
complement , yet not exceed a realistic fuselage length, the fuselage diameter as well 
as its length was increased. The 600 passenger airplane has a body diameter of 
7.50 m ( 24.7 ft) and carries 10 seats per deck per row in a 3-4-3 arrangement for a 
total of 20 per seat row. The 800 passenger vehicle has corresponding dimensions of 
8.0 r:i ( 26. 3 ft) and carries 11 seats /deck/row in a 3-5-3 arrangement for a total of 
22/seat row. These dimensions retain approximately the same fuselage fineness ratio 
? i [ 1 t h e 4 0 0 P A X ■ j o s i / ^ n and p e rm i 1; a p p 1 1 <. ;> p r i a t e notation angles. 

Parametric re I at Lonshi ps were explored using the ASSET computer program to find 
the most sat i s fact ory combination of airplane design variables which meet all the 
guideline constraints. The results are listed in Table 35 for the 5500 km (3000 n mi) 
range airplanes and in Table 36 for the 10,190 km ( 5500 n ini) range vehicles. The 
payload weight requ.i. rement was calculated on the same basis as for the 4 00 PAX design 
described previously, i.e., in addition to an allowance of 90.7 kg (200 lb) per 
passenger , an add i t/i onal 10 percent was included for revenue cargo. Summary cost 
data lor the aircraft are presented in Table 37- 

Trends of some of the significant parameters which are functions of aircraft 
size are plotted in Figures 78 and 79 for the 5560 krn range and the 10,190 kin range 
aircraft, respeeti ve ly . Aircraft gross weight, block fuel fraction, price and direct 
operating cost are all plotted to show their variation with passenger capacities 
ranging from 4 00 to 800. The increasing flight efficiency (higher L/d) of larger 
aircraft is apparent in the decrease of the percentage of block fuel consumed. This 
is also reflected in a lower D00 as aircraft size increases. 
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TABLE 35. CHARACTERISTICS OF 600 AND 800 PASSENGER 
LH 2 AIRCRAFT (SHORT RANGE) 



SI 


600 PASSENGERS 

800 PASSENGERS 

CUSTOMARY 

SI 

CUSTOMARY 

SI 

CUSTOMARY 

Payload 

kg 

lb 

59,900 

132,000 

79,900 

176,000 

Range 

km 

nmi 

5,560 

3,000 

5,560 

3,000 

Cruise Speed 

Mach 

Mach 

0.85 

0.85 

0.85 

0.85 

Takeoff Gross Weight 

kg 

.Lb 

231,000 

509,760 

316,000 

697,450 

Operating Empty : 

kg 

lb 

148,700 

328,630 

207,200 

457,750 

Weight 







Block Fuel Weight 

kg 

lb 

18,100 

40,000 

23,500 

51,750 

Total Fuel Weight 

kg 

lb 

22,300 

49,130 

28,900 

63,700 

Wing Area 

m 2 

ft 2 

433 

4,655 

594 

6,399 

Wing Loading, 

kg/m 2 

lbs/ft 2 

535 

109.5 

532 

109 

Takeoff 







Span 

m 

ft 

62.4 

204.7 

73.2 

204 

Fuselage Length 

m 

ft 

68.9 

236.0 

81.3 

266.7 

Li ft /Drag (Cruise) 

- 


15.9 

15-9 

l6.85 

16.85 

Specific Fuel 

jU/daN 

jt/ib 

0.204 

0.200 

0.204 

0.200 

Consumption (cruise) 

hr 7 

hr 





Thrust per Engine 

( UT O \ 

N 

lb 

156,000 

35,050 

203,600 

46,200 

Thrust /Weight 

N/kg 

- 

2.70 

0.275 

2.60 

0.265 

(SLS) 







FAR T.O. Distance 

m 

ft 

1,883 

6,188 

1,920 

6,345 

FAR Landing Distance 

m 

ft 

1,775 

5,823 

1,778 

5,833 

Approach Speed ( EA3 ) 

m/ s 

knot s 

69-5 

135 

69.9 

135 

Weight Fractions 

Percent 

Percent 





Fuel 



9-6 

9.6 

9.1 

9.1 

Payload 



25-9 

25.9 

25.2 

25-2 

Structure 



34 . 4 

34.4 

37 . 0 

37.0 

Propulsion 



10.1 

10.1 

9.7 

9-7 

Equipment and 



20.0 

20.0 

19.0 

19.0 

Operating I t era s 







Energy Utilization 

kJ 

Btu 

652 

1 ,i46 

633 

1,112 


Seat km 

l Seat nmi 
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TABLE 36. CHARACTERISTICS OF 600 AND 800 PASSENGER LH,> 
AIRCRAFT (LONG RANGE) 
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TABLE 37. COST DATA FOR 600 AND 800 PASSENGER LH^ AIRCRAFT 


RANGE 

5,560 km 

10,190 km 

PASSENGER CAPACITY 

600 

800 

600 

800 

Development Cost 

$10 6 





Airframe 


830.3 

1073.5 

973-9 

1247.3 

Engine 


525.1 

64i.o 

593-0 

713.0 

Total 


1355.4 

1714.5 

1566.9 

1960.3 

Production Cost 

$10 6 





Airframe 


25.88 

34.83 

31.55 

42.43 

Engine 


4.19 

5.36 

4.87 

6.11 

Avionics 


0.50 

0.50 

0.50 

0.50 

R&D Amortization* 


3.42 

4.35 

3-97 

4.99 

Total 


33.99 

45.04 

40.89 

54.03 

Direct Operating Cost 

i 

seat km 

0.493 

0.475 

0.523 

0.506 


i 

(seat n mi) 

( 0 . 913 ) 

( 0 . 881 ) 

(O. 969 ) 

(0.938) 


@ fuel cost : 

Jet A = $2/1.054 GJ ($2/10^ Bfcu = 24.8^/gal = 3 . 68 ^/lb) 
LHg = $3/1.054 GJ($3/10 6 Btu = 15 • 48^/gal) 


*Based on 350 aircraft and 2000 engines 





















SECTION 5 


CARGO AIRCRAFT 

The cargo aircraft analyzed during the study are described in this section. 

The parametric procedures used to evaluate candidate designs and to define preferred 
configurations of cargo aircraft are described. Two preferred designs of LH r) fueled 
cargo aircraft are described for each mission, in addition to the Jet A fueled 
configurations which, as in the case of the passenger aircraft, serve as a point of 
reference for evaluating the benefits of using hydrogen as a fuel for advanced 
technology cargo aircraft. 


5 . 1 REQUIREMENTS 

Cargo aircraft were designed to perform two missions. One was to transport 
i)C),gUf) kilograms (125 ,000 pounds) for a distance of 5,960 kilometers (3000 nautical 
miles). The second was to transport 11 3,)* 00 kilograms (250,000 pounds ) for a dis- 
tance of 10,190 kilometers (5,500 nautical miles). Subsequent paragraphs refer to 
the aircraft configured to satisfy these missions as the small and large aircraft, 
res poet. i ve.ly . 

A cruise speed of Mach 0.85 was selected for both missions. This decision was 
based on qualitative judgment rather than on a quantitative analysis. It was felt 
that cargo aircraft designed for initial operation during the 1990-1995 time frame 
will require a cruise speed compatible with the speed of commercial passenger air- 
carft. This compatibility will decrease the number of potential traffic delays 
occurring within the controlled airspace environment. Cruise speeds faster than 
Mach 0.89 were not felt to be justified as commercial cargo transport is more sensi- 
tive to time of day delivery than to speed of delivery. 

The above and other pertinent mission parameters are summarized in Table 38. 
Landing distance and approach speed for the small aircraft are based upon a landing 
weight which includes full payload and fifty percent mission fuel. The large air- 
craft landing weight conditions are full payload and mission reserve fuel only. 
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TABLE 38. CARGO MISSION PARAMETERS 


Payload - kg (lb) 

Range - km (n mi) 

Speed - Mach 
Initial Cruise Altitude 
Maximum Runway Length - 
Ma x i m i am A p p r < >aeh S p e e d 


SMALL 

AIRCRAFT 



56,700 

(125,000) 


5,556 

(3,000) 



0.85 

- m ( ft ) 

10,972 

(36,000) 

m ( ft ) 

21(380 

(8,000) 

. m/s (keas) 

69. hh 

(135) 


LARGE 

AIRCRAFT 


113, H 00 

(250,000) 

10,186 

(5,500) 


0.85 

10,972 

(36,000) 

21(38 Jt 

(8,000) 

69. Hli 

(135) 


Ml id NATION SELECTION 


hr density of iiquid hydrogen fuel compared to current dot A Fuel, a p proxi- 
mo r ecua.I energy content , plus the requirement 
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t,h** curi f igurat i on concepts considered for tdie 
ho . fva l uat i on data, and conf i gurat i on so ] ect, i c 
under and owing tail concepts were selected J or 
The swing, tail, concepts requires the minimum 
irons weight and provides aoeeptab l e operational, character i stoics . A.l. though the 
■rose weights of the center and pod tank concepts wen? less than the gross weight 
>f i j,ho nose Loader concept, these dr-signs, w< \t*e rejected due to poor ca,rgo rimip.-u t- 

irnt design and .1 ow hydrog ?n tank e IT tciency , i - e. , high sur f ace-to-v-. Mann.- i ■■ i L i o , 

m spent i v« ? 1 y . 

Tin - eargo compartment for the above parametric aircraft was, sised to contain 
L ringlr row of d . 39 m (8.9 ft) wide by h.LUJ m (9.t> ft) high containers. The 
ring It;* row will store four containers, three MM 9 m [hi) ft) in .length and one 


Single row cargo compartment illustrated 
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Figure 80. Cargo Aircraft Configuration Concept 










6.10 m (20 ft) in length. The compartment dimensions are 2.7^ m (9*0 ft) wide by 
3.09 m (10 ft) high by 43.89 m (l44 ft) in length for an average cargo cube density 
of 153.78 kg/m-' 5 (9-6 lb/ft 3 ). 

Subsequent to the selection of the swing tail and nose loader concepts, a 
study was performed to compare the single row cargo compartment with a double row 
type. The double row compartment is 5*33 m (IT -5 ft) wide, 3.05 m (10 ft) high 
and 22.50 m (74 ft) in length. Each row will store 3 containers of various lengths, 
one 12.10 m (HO ft), one 6.10 m (20 ft), and one 3.05 m (10 ft). Average cargo 
cube density is also 153.76 kg/rrf J . 

Aircraft configured for the double row compartment are compared to the single 
row aircraft on Table 40. The lower fuselage surface area of the double row con- 
figuration results in lower fuselage weight and skin friction drag, therefore, less 
gross weight required to perform the mission. Based upon this comparison, all 
subsequent study aircraft are configured for the double row compartment. 


TABLE U0. COMPARISON - DOUBLE ROW VS SINGLE ROW 
CARGO COMPARTMENTS 



DOUBLE ROW 

SINGLE ROW 

SWING 

TAIL 

NOSE 

LOADER 

SWING 

TAIL 

NOSE 

LOADER 

Compartment Width - m 

5.334 

5.334 

2.74 

2. Vi 

ft 

17.5 

17.5 

9.0 

9.0 

Compartment Length - m 

22.56 

22.56 

43.89 

43.89 

ft 

74 

74 

144 

144 

2 

Fuselage Surface Area - m 

845.42 

1012.64 

1068. 38 

1161.29 

ft 2 

9,100 

10,900 

11,500 

12,500 

Mission Fuel - kg 

15,966 

17,191 

16,783 

18,824 

lb 

35,200 

37,900 

37,000 

41,500 

Operating Weight - kg 

56,382 

62,868 

63, 59^ 

70,851 

lb 

124,300 

138,600 

l40 , 200 

156,200 

Gross Weight - kg 

128,730 

136,077 

137,484 

145,693 

lb 

283,300 

300,000 

303,100 

321,200 
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A concept select ion parametric evaluation was also performed for the large 
aircraft with the resulting concept selections being identical to those of the 
small aircraft; the swing tail, and nose loader. 


iTtHAMKTKTC ANALYSTS 
f .*1.1 l-’arurnef r \ c fi s 1 ng Program 

The parametric .analysis method used is, a modi f i cat I on ol* that descr i bed in 
Section i . o' . d of the ATT report ( Reference J 0 ) . The noise Ltera.fi on was not used 
since a fixed engine* cycle was. employed. The method was. changed to enable defini 
hion of l, ho approach speed cha.racfor i sf i cs . Since the? fuel tanks for the cargo 
ai rcraft an* * cun fai m m1 in fho fusel age , i to u’a.f \ ons* on fuse 1 u.ge s i s < ' wo re nec ossar 
if the esf i mated tiro vo ] nine In. id t..o be mod i f i ed to meet fuel roqu in ‘meats . A 
cede -mad. i :• of the program is. given in figure hi. 


IftkA MON r o Rl Mi ft ELA i 



l' 1 i gu r< :■ hi 3 . 


(Jem. 1 raJ i. sod A i re raft. f> i s i ng 1 rogram ( (lAoi ) 
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The schematic illustrates a computer program which, when provided basic data 
such as fuselage size, engine data, mission requirements, and atmospheric data, 

• Kst mates the drag and weight characteristics of a given configuration 

• Evaluates the capability of this configuration to meet i:ho mission 
requirement s . 

This process Is arranged in a loop in order that the aircraft size, primarily 
wing and empennage areas and engine size, can be iterated until the aircraft is 
sized to exactly meet the mission payload-range requirements. After a configura- 
tion is properly sized, the routine determines the takeoff and landing field, .lengths, 
the approach speed, unit price and the operating costs of the aircraft. 

This routine' is arranged so that eonf Igurat Ion changes resulting from primary 
variables such as wing aspect ratio, wing sweep angle, cruise altitude, and cruise? 
wing loading or lift coefficient can be automatically evaluated during one execution 
of the program. A comp Let. e description of the sized aircraft.. Including weights, 
aerody uam i c , geometric, costs, and airport performance characteristics can be 
selected for output from the computer . 

The mission consists of takeoff, climb, and cruise segments. No range credit 
is allowed for descent. The cruise segment is computed using a constant altitude, 
constant speed technique. Fuel reserves were provided for international flight and 
allow for 1 1 j percent (extra cruise time, plus 30 minutes hold, pi us fuel for an 
additional, cruise of TfOc'i km ( POO n.rni.) to an alternate airport,. 

1 j . s . ; 1 [ 'aramet ric Ponst rai nt s 

In add it, ion to the characteristics defined previously, several, other factors 
were hold, constant. For example: 

• The minimum initial cruise altitude for cargo aircraft was established 
as 10,010 rn ( 30,000 ft). 

• The maximum cruise lift coefficient was not to exceed a 0-dimensional 
value of 0.1. 

• 'fail., sizing was held constant with the parametric values established in 
Section ,1.1 of this report. 
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• A!ll configurations have T tails. The empennage surfaces have 8 . j percent 
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ASPECT RATIO SELECTION - !,H 0 SWING TAI 
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TABLE 4l. ASPECT RATIO SKLESTIO:: - : n . SWING TAIL (Continued) 
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5.U HYDROGEN NOSE LOADER CONFIGURATION 
5.Y.1 Configuration Description 

The nose loader aircraft shown in Figures 8l and 8Y are configured and sized 
to perform the specified missions. Configuration characteristics common to both 
aircraft include supercritical wing design, a T-tail empennage, four pylon wing- 
mounted engines, and landing gear flotation acceptable to commercial fixed base 4 
operations;. Mounting the wing in the low position on the small aircraft enables 
the wing structure to be used also for the landing gear attach structure and allow 
for sufficient engine nacelle ground clearance with a cargo floor height above 
ground level of h .'('<> m (15-5 ft). The mid-wing position is required on the large 
aircraft to obtain proper engine nacelle ground clearance and to provide proper 
cargo floor height above ground .Level. 

High 1 i. ft devices on the wing leading and trailing edges are required to give 
adequate low-speed characteristics and handling qualities. These consist of a 
retractable leading-edge slat, and a double-slotted Fowl er -type flap. Flight con- 
trols consist of a system of spoilers and ailerons for lateral control., an all- 
flying horizontal stabilizer having a geared elevator for longitudinal control, 
and a rudder system for directional control. The flight control systems are 
powered hydraulically by four independent systems to insure the necessary re- 
liability. Electronic signaling, fly-by-wire, is used to activate the systems. 

The flight, station Is arranged to accommodate a crew of three including a 
flight engineer. inflight access from the flight station to the cargo compartment 
is provided. 

The cargo compartment width and height are 5-80 and 1.05 m (18.5 and 10 It) 
with lengths of if. 50 tn (Y*» ft) and m (ihh ft) for the small and -large aircraft, 

respective 4 !:/. Cargo loading access to the compartment is provided by a full com- 
partment c ross-sec t .ion nose visor door. The compartment dimensions are compatible 
with the loading of a. double* row of containers of sizes specified in Section 5.0. 
Compartment length allows the use 4 of various container lengths. If. TO, O.J0, or 
1.05 m ( Yo, 00, or iO^ft). Full compartment length inflight cargo scanning aisles 
art 4 provided along the outboard side of each row of containers. 

Airconditioning and pressurization systems are provided for the flight station, 
cargo compartment, and the upper fuselage lobe liquid hydrogen tank compartment. 
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Figure 83. General Arrangement - LH 2 Fuel, 

Cargo Transport, Small Nose Loader 





SECTION A-A 


660 M. 
(216.4 FT.) 

- 15.2 M. - 
(49.9 FT.) 










The tank compartment is pressurized by engine bleed air cooled to approximately 
the ambient stagnation temperature by a ram-air heat exchanger. The pressurized 
air enters the forward end of the tank compartment and exits at the aft end to pro- 
vide continuous purging air flow. The tank compartment is separated from the cargo 
compartment by a horizontal bulkhead and is maintained at a pressure approximately 
10.3 kPa (l.5 psi) below the cargo compartment such that any leakage is always 
from the cargo compartment to the tank compartment. Blow-out panels are provided 
in the separation bulkhead to prevent structural damage should decompression occur 
in either compartment. A single spherical tank is located in the unpressurized 
aft-fuselage section. The volume of this tank is minimized to maintain proper 
air e raft bal an c e . 

y.^.J.l Liquid Hydrogen Tank Configuration Selection - The three-lobe hydrogen 
tank was selected for the nose loader aircraft based on evaluation of six aircraft 
configurations derived from three candidate hydrogen tank shapes and two tank iso- 
lation concepts. Each of the six aircraft were configured to perform the 5b, 700 kg 
(1.25,000 lb) payload 5,560 km (3,000 n.mi.) mission. Three hydrogen tanks were 
incorporated in each aircraft with a total volume of 2 32 in'* (8,200 ft ^ ) . Two tanks 
of various candidate shapes were ..Located above the cargo compartment and a spheri- 
cal shape tank was located in the aft fusel age of all aircraft. The various candi- 
date tank shapes and the required fuselage configuration for each are shown in 
Figure Mf. All tanks were designed to the following criteria: 

• Ma t er i. a i - 21 : 19 a.! uni i n urn 

• Minimum skin gage - 0.10 cm (O.Oh in.) 

• ( o n s t ruet i on - s k i n a rid s t r 1. n g e r 

• Pressure - 137*9 kPa (20 psia) 

• Insulation - 15-2^ cm (6 inch) thick closed -cell plastic foam 

• 'I’ank structure is non- integral with airframe structure 

The two tank isolation concepts are defined as follows: 

Ooricopt 1 (Unpressurized ) 

As shown on Figure 8h each fuselage configuration is divided into 
two compartments, the cargo compartment and the hydrogen tank 
compartment. The upper or tank compartment is unpressurized. 
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OPTION -2 
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Figure 8-5. Candidate Hydrogen Tank 

Configurations ( Sheet 2 of 2) 


PTION -2 
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therefore, the pressure bulkhead, separating the cargo from 
the tank compartment provides the necessary means of isolating 
the hydrogen tanks. Tank shapes utilizing this concept are 
identified as baseline, Option 1, and Option P in subsequent 
tables . 

Concept 2 (Pressurized) 

for this concept both the tank and cargo com part men ts are 
pressurized. A pressure differential of approximately 10.1 kPa 
( 1 . psi ) is maintained across the bulkhead separating the two 
compartments by maintaining a lower pressure in the tank com- 
partment than i s maintained Ln the cargo compartment. Leakage 
is always, there fore , from the cargo compartment to the tank 
compartment,. Pressurization air flow provides a continuous 
purging of the tank compartment of any possible hydrogen gas 
ac c umu I a t i on . R1 ow-out pan el s are p r o v i ded i n t he s e par at i o n 
bulkhead for purposes of safety in the event of a compartment 
r 1 e ( : cm \ > r e s s i on fa i ! u r e . Tank s \ i a. \ > e s u t ill z 1 n g this i s o 1 at i o i \ 

( ; on c • ept. ; ire i d ent .i f i od i n su b s e q uent c hart s as Basel i n e- A , 

Opt. 1 ( ms-1 A , and Opt i on-PA . 

hydrogen tank and fuselage characteristics data common to both tank Isolation 
concepts, except as noted, are summarized on Tables and hh . 

Evaluation data for the six study aircraft are shown on Table 'i b . The data 
are in the form of d.i f ferent Lais compared to Baseline and Basel inc-A for Option 1, 
1A, , and PA. it can be readily seen from these data that common trends are 
established for both tank isolation concepts. The pressurized tank compartment, 
tank isolation concept P, requires the minimum fuel and gross weight to perform 
the stated mission, therefore, only the evaluation data for this concept will be 
discussed in detail. Tank weight and boiloff fuel requirements for the baseline 
shape are greater than those of the cylindrical option 1A tank. This advantage is 
more than offset, however, by the lower weight of the baseline fuselage configura- 
tions as indicated by the summation of the boiloff fuel, tank, and fuselage weights. 
This sum is IP'fO kg (p801 lb) grant er for the cylindrical tank when compared to the 
base line tank. The five-lobe option PA tank exceeds the baseline tank in values 
for all comparison parameters and is thus eliminated. 


231 



TABLE it 3. HYDROGEN TANK DATA - DESIGN OPTIONS 


SI UNITS 



3-LOBE 

CYLINDER 

5- LOBE 

Fwd Tank 




? 

Section Area - m 

9.3 

9.9 

10.3 

Perimeter - rn 

11.89 

10.97 

13.2 

Length - rn 

11.13 

11.13 

11.13 

0 

Surface Area - m £ ~ 

129.it 

122.7 

ihh . 1 

Volume - rn " 

97.5 

98.6 

107.1 

Weight - k p* 

1370. 8 

1376.3 

1515 

Mid Tank 




( S am e a. 3 F w ( i T an k ) 




Al't Tank 




Diameter - rn 

1+ . 1 7 

3.99 

3.25 

Surface Area - r:i 

53.8 

50.0 

33.2 

Weight - kg* 

6 26 

591 

380. 1 

A i re raft Total 




n 

Pur face Area. - rn 

3 1.2 • 6 

795.ii 

321.7 

Volume - m' ; 

737.2 

732.2 

232.2 

c 0 

Efficiency - mVni 

2. 77 

2. 58 

2.37 

Weight - kg* 

3367.5 

3233.6 

3710. 1 

*[neindes 0.1.5? m insuLation and tank mounting provisions 
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TABLE 1*3. HYDROGEN TANK DATA - DESIGN OPTIONS (Continued) 


CUSTOMARY UNITS 



3- LOBE 

— 

CYLINDER 

5-LOBE 

Fwd Tank 




Section Area - sq ft 

100.5 

106.8 

111.0 

Perimeter - ft 

39.0 

36.0 

1*3.3 

Length - ft 

36.5 

36.5 

36.5 

Surface Area - sq ft 

1393 

132.1 

1551 

Volume - cu ft 

3UUh 

3)483 

3783 

Weight - lb* 

3022 

2968 

33l*0 

Mid Tank 




(Same as Fwd Tank) 




Aft Tank 




Diameter - ft 

1.3.58 

13.09 

10.66 

i 

Surface Area - sq ft 

579 

538 

357 

1 

Weight - lb* 

1380 

1303 

838 

A: r craft Total 




Surface Area - sq ft 

3365 

3130 

31*59 

Volume - cu ft 

8200 

8200 

8200 

Efficiency - cu ft/sq ft 

2j4i4 

2. 58 

2.37 

Weight - lb* 

7)42)4 

7239 

7518 


^Includes 6-ineh insulation and tank mounting provisions 
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TABLE 44. FUSELAGE DATA - TANK OPTIONS 


CUSTOMARY UNITS 



3- LOBE 

CYLINDER 

5-LOBE 

Ici^ht - ft 

24.83 

27.67 

24 . 67 

Yidth - ft 

24 . 38 

24.38 

26.42 

Length - ft 

l 70. Y 

172.4 

174 . 6 

Maximum Section Area - nq ft 

484 

502 

525 

q i i i v a 1 e n t D i ame ter - f t 

24.84 

25.29 

25.85 

lax i mum Perimeter - ft 

78.7 

83.1 

8i.4 

;j, reun uri zed Volume - cu ft 

29,623 

34,098 

34,539 

-'resnurized. Volume - cu ft* 

41,671 

47,305 

49,917 

Airfare Area - nq ft 

l 1,877 

12,657 

12,546 


r idth - m 
, oust'd; - rn 

Tax : rn i ini l > oc: t , i r j n A r o a - r: 
I q u i v ? j. I . o n t. I ) i r Hii ot o r - rn 
Taxi mum Peri motor - m 

u 

;t re r u u r L ze d Vo 1 urr: e - m 
'rerruri zed Volume - m' ; * 
>urf acre Area - iri 


SI UNITS 


i-LOBE 

0YL1NDKH 

5- LOBE 

7.57 

8.4 3 

7. 52 

Y . 4 3 

Y. 4 3 

8.05 

52.03 

50. 55 

53.22 

44. 9 Y 

46.64 

48.77 

Y. 5Y 

7-71 

7.88 

23.99 

25.33 

24.81 

838. 83 

965.55 

978.04 

1 Y9 - 99 

*,339.53 

1,4.1 3.49 

103.41 

1 , 1.75.87 

1,165.56 


I 

■ 


•enrurized eon fl^u rat ion identified an Panel. ine-A, Opt 1A, and Opt 2 A 




.AIRCRAFT DATA - TANK OPTIONS 



*Upper Fuselage Compartment 
















The three- lobe Basoline-A configuration requires both the minimum mission fuel 
and gross weight to perform the stated mission and is the selected configuration. 

Inc so Looted configuration and the remaining five study aircraft are all deficient 
in required fuel tank volume as shown on Table kb. The selected configuration 
requires.; an additional 0.88 m i (di If*) with the other aircraft requiring from a 
minimum of Y.8;-! m'" 5 (<>.'( 6 ft h to a maximum of I’h.qg m" 1 (859 ft"*). Adjustments in 
tliese- volumes wore not made as the benefits of the selected configuration would 

only be further magnified from the resulting resizing effect of increased tank 
wv i . 

l-aut i on mould he used in the application of the above results to other studies 
It. is Celt that, an insufficient number of fuselage and tank shapes were studied to 
conclude that the mult 1-Lobe tank would provide the optimum results under all con- 
ditions of mission definition, cargo compartment size, basic fuselage radius, and 


~~ Tho propuM; ion eomustm; 

rnouni.ioj by-parm rat. i u \ :>.<)'> <*n^ i not.; of the Lypa cjo:;; *r ,i bod. in 

‘ 1 E :jr npp 1 lout, I om; have* oo, I'-vot alaiim* Uiru:;t 

' ■ 1 " n) 1 l> ) fV;r iinir-L ] .1 ai. rmrvaft, ami 1 ,] rU) N ( )\'( ,Y00 lb) 

' J r '■ ,!i M: ■ ‘ r:U) 1 ! ' bbriii’ t.. rovo ra<?rn arc I n< *ur porata *<i into eaah 


<■ h‘ four py.lorj win/'- 

b>oot,it.)n S.b. The n i. za; 

ratnnpn of ,loo v . N 
fra* t.he larpy airvraf’t, . 
I natal l.at i on . 


i, 


At- 4 h> : J r ■ : i i / r n i ■ ru i no a I !. i u<h ■ oj‘ la^r 

l*b fl - P' ,( * - f i e Pirn I mminumpf, i on for 

~J 1 h ) . I rial mi inf, inf’Mphl, hoi luff 

rr " ' 1 1 • T't “/'laN (o./lh —/ 1 1, ) ai);| o.,'.: 1 
;m h r 

1 1 nct.ryo a i n* rat*!, , rmfn ret, i vo J y . 


Yt> m (if, 0(H) ft) and cruise Mach number 

lioth ai re ru. ft. is o.g] •; pl/ (iaN 

hr 

°f t i (]U i ti bybrnpan, bhrma rpeeifier, 

’’ (b.i'Jb 7^7/ lb) for t. ho email ami 


5 . 4. 1.3 Hydrogen System - Hydrogen system technology is described in Section 3 . 1 . 

The tank designs used for the nose loader cargo aircraft are of the non-integral type. 
They differ in concept from that employed in the passenger aircraft (Section 4) 
because oi the irregular shape of the space available above the cargo compartment, and 
because the aft tank did not occupy the full cross section of the fuselage. 

Tank size characteristics and fuel boiloff data are given in Tables 46 and 47 for 
the small and large nose loader aircraft, respectively. Tank volumes shown are 
greater than required to contain the stated fuel weight. The additional volume is 
that required for fluid expansion, tank contraction, structure and equipment allow- 
ance, and ullage. Inflight boiloff data are based upon a mission block time of 
6.54 hours and an average fuel flow rate of 1,754 kg/hr (3867 lb/hr) for the small 
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TABLE A6. SMALL HYDROGEN NOSE LOADER TANK DATA 


CUSTOMARY UNITS 


GROSS 

USABLE 

SURFACE 

INEJdGlfl 

(MOUND 

TANK 

VOLUME 

LULL 

AREA 

BO rLOFK 

BO Id DEE 

DESORI { ’T I. ON 

cu ft 

.] b 

*<\ Lt 

] b 

I b/hr 

Ewd 

.-!) 1 M 1 

! h;y(<> 

:i so 

>1 ] ( ) 

1 ' ( 

Mi d 

-TMi 

Ih.'fh 

j i{) i 

r 10 

'/( 

Aft 

DUO 

r/i 9 

; H>Y 

10 

00 

■eta! 

YH-;3 

il/Ao 1. 

I- : 'T S 

H V-j 

; :, (j 

SJ unlit; 


GROGS 

USABLE 

SURFACE 

I JM !''I .■ J OH'J 1 

GROUND 

TANK 

VOLUME 

FUEL 

AREA 

B0TL0KK 

BOJ LORE 

MI ILL I DT I ON 

TT! 

k / 1 

nr 

kO 

k{»/hr 

Kwd 

VY.u 

CiY‘, 

1 : ’ ' > . r 

: 8o 

A A 

M i r i 

! M’.u 

LA 'IT 


IMS 

Mi 

Aft 

To.O 

lYHi 

h . )i 

H . h 

1 T 

Total 

TL 1 . 0 

1 J 'Y S 

TOT.T 

>q i 

JOS 


a I n ■ raft. . : '< > r i“< - ; : pi. ^ u i i mk values for the t -t.r^e aircraft are Muff Imun; j« i SvhA ksu n 

(7;, : r - ;Vi Lv ) . C] n.je:i- '^L [/In. ■ i. i e few. "1.0'; cm i s .! >: Indies j thick is used 
for c ryo^er. : e ir*rui.ri tion cr. all tank ex ter ior su r faces . 

'.) .A . ; VA'hhit. SLaT ‘nn *n K 

Weight pn 'h I c ti on is. aecomp I i shed through the utilization of weight paramet, r i c 
sirinr sub rou tl f i< i re 1 mind in thm po r fn nuance profit- tin doscr i bod in Sec t, i on T . S . 
Wriest methods an:- prnv i < it *d for os t i mat in? 1 ; oach aircraft component of structure 
and su l u’.y s fern e 01::; i stent, v/i th Mi 1 — I Urd-TVt A SO ( Group Weight St atom* ait ) ( He i — 
emim ‘ ; J T ) and tdic n ,-s u i. tu: arc presented for each item in the specific format . 

Th' 1 useful load 1 toms , or operating equ i pmcei! t, 1 terns are inc.l udod , a.J on^ with the 
payload weight. The mission fuel is i ri put, from Idle performance subrout I nos . Group 
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TABLE )l7. LARGE HYDROGEN NOSE LOADER TANK DATA 


CUSTOMARY UNITS 

TANK 

DESCRIPTION* 

GROSS 
VOLUME 
cu ft 

USABLE 

FUEL 

lb 

SURFACE 
AREA 
Gq ft 

INFLIGHT 

B0IL0FF 

lb 

GROUND 
B01L0EE 
1 b/hr 

i 

9100 

38901 

8710 

l-’lPO 

199 


1899 

7733 

619 

99 

4 j 

.) 

)|800 

9087 0 

J. 8 Y 0 

HU 0 

9 b 

4 

9 U 00 

89883 

IblO 

999 

119 

L 

J 

J i 890 

181 33 

19 b0 

990 

87 

Tot a i. 



c\b ] <79 

] 07990 

Y 61 b 

Sb8G 

b 8 8 

SI UNITS 

TANK 

DESCRJ PT I ON* 

GROSS 

VOLUME 

m-i 

USABLE 

FUEL 

Kg 

SURFACE 

AREA 

INFLIGHT 
BO l LOPE 
Kg 

GROUNii 
BO. I LOPE 
kg /hr 

J 

‘ n /( •'( 

1.7190 

984 . 6 

o44 

8f 


91 .7 

3908 

97. 1 

)P3 

1 9 . b 

3 

lib- 9 

9 ; j ; J 6 

197.3 

38.1 

hh 


.1 b9 . 9 

i 0 380 

199.1 

)i3 3 

99 

1 , 

Jin.:* 

8 SO 1 

110. 1 

1 00 

19 

To t a 1. 

7910 

4890b 

707.9 

1 001 

p4p 


* See Figure 84 


Weight. St aternon ts for the small and large nose Loader aircraft are* given on 
Tab 1 cs 48 and 49. 

b • 4 . i Pe r f’orrnanco 

The performance characteristics of the final, design of LJ1 0 fueled nose loader 
aircraft are summarized herein. These data are provided for the final aircraft; 
minor differences from the character.! st les of the parametric series of aircraft de- 
fined in Table 4p resulted from final iteration and refinements of the selected 
a i re ra ft . 


239 






TABLE U8. GROUP WEIGHT STATEMENT: SMALL HYDROGEN NOSE LOADER 

y-,,YOO kg Payload, LL 60 kin Range, Mach 0.8L Spend 
(ILL ,000 lb Payload, 3000 n m Range, Mach O.BL Speed) 



2k0 



TABLE h9. GROUP WEIGHT STATEMENT: LARGE HYDROGEN NOSE LOADER 

11R,U00 kg Payload, 10,190 km Range, Mach 0.85 Speed 
(250,000 lb Payload, 5500 n mi Range , Mach U.R5 Speed) 





Both the large and the small aircraft are constrained by the 69.9 m/s (139 knot) 
approach speed consideration. The small aircraft has a relatively high thrust-to- 
we.Ip.h.' ratio which results from cruise matching at a relatively high altitude 
cca.ipj.ed with its poorer L/D ratio. As a result, the takeoff distance is much 
shorter than trie specified requirement and it has been compromised by selection of' 
a Low f lap setting ol 0.21 radians ( 1.2 degrees) which will resul t in good, climb out 
cnaracterisL i cs and relatively good noise characteristics. The thrust of the large 
aircraft i s more nearly matched to meet both cruise and takeoff requirements and a 
mu-h-j larger takeoff distance results . A higher flap deflection of 0.39 radians 
L : 1 1 •' degrees ) has been so let! ted for this aircraft . The takeoff distances were 
cieterm i.nod using commercial rules at a field elevation of 309 m (1000 ft) and an 
nmhient temperature of 3 <ib°K (yO‘"V) and are 1/(68 and 21 89 m ( 5$ 00 and 72/(0 ft ) for 

t.Se- sma.l L and large aircraft, respectively. The landing distances at the same 

a.rnh i ent conditions and with commercial rules, are 2231 and 230 J J m (YJ2U and Y,900 ft), 
respectively, for the sma.l 1 and large.* a i rcra f t . The landing flap deflection is 
! ; - 11 rad 1 ans (;>U dc agrees ). As prev i.ous> 1 y discussed, a larger fuel percentage is 
hi ’ i 'eh -d in the* landing weight of the smu.ll. aircraft, than for the Large aircraft. 

A pay 1 cad- rang- ‘ hi agrairi , i nc 1 ud i.ng hi ock fue ! c haracteris t i cs , for the hydro- 
; r,jl r;e:‘“ lnfi.ii.-r aircraft is given In figure 80 . These data have been defined for 

■h 'hsogu mission, a ferry miss, ion, and a. short, range.* point, carrying full payload; 

i' ,: ‘uuse 1 : f t. he limited data generated in the parametric analysis, the exact curva- 

(;t f -se f >r t/ l eu.: 1 range curves. iiu.s. not, been de f i nod and the d i agru.rn is schema! i - 

'•nh ! y f U'eSe); t.i -d . 

1 ; f 1 • d i ag r: i.m defines tin* maximum puy.l nad al. lowed for the si. rue t,uru. 3 weight 
fjrov itu’d. I’ince fuel, voluble re<|ui. remen t, s are c r i t; i.cal in a hyd rogen fueled air- 
craft, , the fue] 1 *upac i by lias been defined by the design mission; all missions at, 
or beyond the design point range utilise the total, fuel capae.i ty of the aircraft. 

h summary of the aerody nairi i c charac t c r i st i cs of these? aircraft is given i.n 
t hi 1 f o ] ! ) w i ng table. 
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AERODYNAMIC CHARACTERISTICS: HYDROGEN-NOSELOADER 


SMALL 


LARGE 


Win g Area - m (ft* 


W:i rig t /c - Pore ent 


Wing Aspect Ratio 


Initial Cruise Wing Loading - kg/m ' 
[nit, ial ("raise Wing Loading - ] b/ ft 


nitial ("raise C. 


n i t, i a 1 Cr 


>Ho.o 6 (258)4) 


538.60 


•(83 . 38 ( 5203 ' 


11 . OY 


61 3 . b 2 


Rat/i o 


123.(13 


18.03 


)i . h A i re raft Price and 0 per at i.ng Cost 


it print: 


lor the small u:i rerun is 10.2 million dollars and for the 1 nip 


r ... r;i fi so . 1 million dollars. Elements of* these unit prices are g i von in 
,P 1 o CO. Diroe!, ofu ■ rat i.ng cost for (die small and iar^e aircraft n.re respectively 


• 1 . 80 0/Mgkm (5.03 and Y. 8 f> C/T 011 n.mi. ), based upon a .yearly utilisation 
iDU hours and stage lengths of 8 , id )U and 1.0,190 kilometers ( S00U and 
miles) and the cost of til, specified in the study gu Lded i lies . 


HYDROGEN SWING TAIL PUNE 1GIIKAT 1 ON 
0. 1 Pc >r 1 f i /pi rat i on Description 

The -wing fail aircraft shown in figures i\'( and 88 are configured to satisfy 
J( -. s am i 1 m i ss i on profiles as, the nose .loader ai re raft just described. Again, both 
i re raft, have a eruisc speed eapab i. l.i ty of Mach 0.89. The configuration dcseri p- 
inns. u.re identical to comparable hydrogen nose loader aircraft described in Para- 
•a.ph 9 . 3 . 1 . with the following except, Lons : 

• Tank con f i gurat i on and location 

• High wing position for Large aircraft 


TABLE 50. PRICE SUMMARY - HYDROGEN NOSE LOADER AIRCRAFT 



COST IN $10 6 


RANGE 

SMALL 

LARGE 

Development 



Airframe 

$540.6 

$1,033.7 

Engine 

390.0 

578.3 

Avionics 

- 

- 

Total 

$930.6 

$1,612.0 

Production 



Airframe Manufacturing Cost 

$ 8.6 

$ 18. 4 

Other Airframe Cost 

4.8 

10.4 

Sustaining Engineering 

0.6 

1.3 

Tool Maintenance 

0.8 

1.8 

Quality Assurance 

0.9 

1.8 

Miscellaneous 

0.2 

0.5 

Profit 

1.7 

3.8 

Warranty 

0.6 

1.2 

Engine 

3.0 

5.6 

Avionics 

0.5 

0.5 

Subtotal 

$ 16.9 

$ 34.9 

R&D per Aircraft* 

2.3 

4.2 

Total Aircraft Price 

OJ 

ON 

i — 1 

-€£* 

$ 39.1 

*Based on 350 aircraft and 2000 engines 
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SURFACE CHARACTERISTICS 

ITEM WING HORIZ. VE RI 


AREA-SQ. M. (SQ. FT) 
SWEEP -RAD(DEGi) 
ASPECT RATIO 
TAPER RATO 

t/c -°/o 


242.94 (2615) 25.46 ( 2740) 3426 ( 368.8) 


0.52(30) 0.61(35) Q61(35) 

900 4.70 1.24 

04 04 0.8 

11.49 86 8.5 


VOLUME DATA 


ITEM CU. M. C U-F T. 

FWD TANK 11327 4000 

AFT TANK 113.27 4000 

TOTAL 226.54 8000 


15.9M. 

( 52.3 FT ) 


Figure 87. General Arrangement - LH 2 Fuel, 

Cargo Transport, Small Swing Tail 
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! 7112 MM. 

yj 

t 3048 MM. (280.0 IN.) 
(1200 IN.) 

i 1 

5639 MM.L 

|K2220 IN.) r 

k I 

r 

^ 7432 M M. 
(292.6 IN. ) 


SECTION A ^ 

67.1 M. - 


(220 3 FT.) 

154 M.- 
(50.5 FT.) 





■ns 





^ UR p AC E C ' h A RACIER i s J ICS 


VVi.NG 

AREA -SQM (SQ.FT) 498.6(5367) 
SWFFP-RAD.OEGJ 0.52(30) 

ASPECT RATlu gQ 

TAPER RATIO 04 

11.07 


HORjZ 

48.3(520) 

0.61(35) 

4.7 

0.4 

85 


VERT 

63.9(688) 
06.1 (35) 
1.24 

0.8 

8.5 


VOLUME DA TA 

il EM. CU. M. C U.FT. 

FWD SECTION TANK 263.0 9287 

CENTER SECTION- 

FWD TANK 86.8 3066 

MID TANK 810 2.861 

AFT TANK 8 TO 2861 

AFT S£C t ION TANK 235.7 Q325 

TOTAL 74 7.5 26.400 


H 


General Arrangement - LH 2 Fuel, 
Cargo Transport, Large Swing Tail 


Figure 88. 



• Access to cargo compartment 

• Areas of pressurization 


The small aircraft has two equal volume tanks located in unpressurized areas 
immediately forward and aft of the cargo compartment. The forward tank is spherical 
in shape while the aft conforms closely to the aft fuselage taper and consists of 
spherical end domes of slightly different diameters connected by a tapering section. 
The large aircraft also has two tanks located in unpressurized areas fore and aft 
of the cargo compartment and, in addition, has three multilobe tankt> located above 
the cargo compartment. The fuel is essentially balanced around the eg of the 
aircraft for both cargo transport versions. 


The high wing position for the large aircraft was dictated by the requirement 
for proper engine nacelle ground clearance while not exceeding a 4. '(8 meter maxi- 
mum cargo floor height above the ground. 


Cargo access to the aircraft is provided by swinging the tail horizontally 
I . Vf radians (90 degrees). The service to the tail section is continuous and is 
not, disconnected at any time. This includes control cables, electrical service, 
hydraulic, fuel and vent lines. 

The center fuselage, which contains the cargo compartment, is pressurized anti 
has a dome on either extreme. The flight station is also pressurized but is 
separated from the cargo compartment by an unpressurized area containing the forward 
ill tank. This prevents inflight access to the cargo compartment. 

Five-lobe tanks were selected for use in the large swing tail aircralt due to 
the restricted area above the cargo compartment. A tradeoff of added boiloff due 
1,0 the increased surface-to-volume ratio of the tanks versus the increased fuselage 
length required to contain the required fuel in more efficient, three-lobe tanks 
indicated that complete utilization of the area above the cargo compartment was 
-the more cork effective solution. 


h.h.l.l Propulsion System - The propulsion system consists of four pylon wing 
mounted by-pass ratio 12.95 engines (refer to Section 3.2) with sea level static 
thrust of 108,181 N (24,320 lb) for the small aircraft and 2l8,54l N (49,130 lb) 
for the large aircraft. Ground operable thrust reversers are incorporated into 
each engine installation. 
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At, the design cruise altitude of 10,9 T3 m (36,000 ft) and cruise Mach number 

of 0.8!) the specific fuel consumption for both aircraft is 0.213 j^/daN (0.209 -f~/lb). 

including inflight boiloff of the liquid hydrogen, these specifics become 0.219 and 

0.223 — /daN for the small and large aircraft, respectively, 
hr 

5. 5. 1.2 Hydrogen System - Tank size characteristics and fuel boiloff data are given 
in Tallies hi and 52 for the small and large swing tail aircraft, respectively. In- 
fl ight boiloff data are based upon a mission block time of 6.5** hours and a fuel 
average flow rate of 1 l/flOi kg/hr for the small aircraft. These values tor the Inigo 
aircraft are ll.fVf hours arid 3 J l6h kg/hr. Closed-cell plastic foam insulation 
.;-m (six inches) thick is used on all tank exterior surfaces. 


TABI.K hi. 8MAl.li HYDROGEN SWING TATI, TANK DATA 


CUSTOMARY UN1TU 



BROSO 

U0ARMK 

OUR RACK 

1 NI'TilGHT 

OROUNU 

TANK 

V0WJMK 

MJKK 

ARKA 

B0 I YORK 

B0J 00 UK 

DGSGR 1 I"! 1 ION 

rij IT 

1 b 

Cq ft 

lb 

.1 b/lir 

w j 

K ( )( Jl i 

) ( 1 l ..H > 

1M10 

3 i 6 

H 5 

A IK, 

,'iouo 

.1 0 L KA':i 


1+25 

Bn 

i n\.nl 

Hi)! in 

331 M' 1 

kHM; : 

Y’i 1 

.1 Y2 


01 UNfTU 



! M. ii ", 1 

USABLE 

UUiMACK 

J N KM OUT 

GROUND 

TANK 

VODUME 

idIKh 

ARRA 

1501 YORK 

BO 1 iiOFi'' 

DESUK I Did ON 

m 

kg 

rm 1 

kg 

kg/hr 

Kw U 

j 1 ■> . S 

YV« 

1.1 3 * 3 

1 h 5 

3H 

AH, 

Mi. *i 

YheH 

U '( . 5 

i o •; 

M.) 

Tc i 

• 1 • : f i . h 

1 UUKh 

;- ! su.n 

3 50 

Y» 
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TABLE 52. LARGE HYDROGEN SWING TAIL TANK DATA 


CUSTOMARY UNITS 


TANK 

DESCRIPTION* 

GROSS 
VOLUME 
cu ft 

USABLE 

FUEL 

lb 

SURFACE 
AREA 
sq ft 

INFLIGHT 

B0IL0FF 

lb 

GROUND 

BOILOFF 

lb/hr 

1 

9287 

39068 

2280 

1090 

160 

n 

3066 

12898 

1913 

1072 

135 

3 

2861 

12038 

1441 

1017 

102 

4 

2861 

12035 

l44l 

1017 

102 

5 

8329 

39022 

2562 

1195 

180 

Total 

26 H 00 

111058 

9637 

5391 

679 

SI UNITS 


■ 1 

TANK 

DESCR I PT1 ON* 

GROSS 

VOLUME 

m3 

USABLE 

FUEL 

kg 

SURFACE 

AREA 

INFLIGHT 

B0IL0FF 

kg 

GROUND 

BOILOFF 

kg/hr 

. 1 . 

263.0 

17721 

211.8 

794 

78 

n 

86.8 

9890 

177.7 

786 

01 

3 

81 . 0 

9499 

133.9 

461 

MO. 2 

). 

81 .0 

5499 

133.9 

kbl 

76.2 

t 

J 

239.7 

19886 

238.0 

542 

82 

Total 

747.6 

90379 

895.3 

241+5 

308 


* See Figure 88 


3 . 5.2 Weight Statement 

Weight prediction methods are described in Section 5-3 and discussion of weight 
statements in Paragraph 5*7 -2. Group weight statements for the swing tail aircraft 
are presented on Tables 53 and 57. 
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TABLE 54. GROUP WEIGHT STATEMENT LARGE HYDROGEN SWING TAIL 

113,400 kg Payload, 10,190 km Range, Mach 0.85 Speed 
(250,000 lb Payload, 5500 n m Range, Mach O .85 Speed) 


ITEM 

KILOGRAM 

POUND 

Structure 

98,986 

; ].[ 0 ,PL.’Y 

Wing 

33,728 

74,357 

Empennage 

2,028 

0,457 

Horizontal Tail 

3 ,452 

1,201 

Vortical Tail 

1 ,4 Y ( > 

3,250 

Kuseiage 

42,679 

94 ,091 

Landing Gear 

14 ,052 

32 ,301 

Nose 

1,905 

4,199 

Main 

12,747 

28 ,102 

Nacelle and Pylon 

4,oo9 

11,021 

Naee'! !1 e 

1,909 

h ,P()8 

Py Lori 

3,090 

0 , 8.13 

P r ( 3 p u 1 s :i. on By s t em 

32,914 

72,564 

Engines 

16,774 

30,981 

Kurd System 

1 ,018 

V; ( >Y 

T h r ■ u s t H 0 v e r s e r s 

i,9po 

9,G9 i. 

In Let 

1,937 

4,271 

ML, Tanks 

10,677 

23,537 

M i see’! 1 an ecus 

388 

857 

Systems and Equipment 

u ,030 

25,64.1 

Au x I. J. i •’ t ry 1 'owe r By s t em 

373 

8 ; * 3 

Bur Puce Controls 

2,917 

0,432 

I nut rumen t s 

418 

922 

i 1yd r au Lie s an d Ft 1 ?. ? uni-: it, I e s 

1,359 

2,997 

EleetricaJ 

1,578 

3,479 

Av 1 on i os 

987 

2,175 

Kurn i sb i.ngs 

2,290 

5,048 

A 1 rcond.i t i on i.ng and A. I 

1 ,593 

3,512 

Auxiliary Sear - Equipment 

115 

253 

We iglit Empt.y 

143,530 

316,432 

Op e r a. t, i r i g K < [u. i pme nt 

3 ,242 

7,150 

0 p e r a t L n g W e 1 g h t 

146,772 

323,582 

(largo Payload. 

113,400 

250,000 

Zero Kuol Weight 

260,172 

573,582 

Kuel 

49,432 

108,978 

Cross Weight 

309,004 

082 ,560 
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Per formal ice 


The performance characteristics of the selected hydrogen swing tail ai rerat' 
very similar to those defined for the hydrogen nose loader aircraft ; they ar 
. constrained by the 690 m/s approach speed condition. 

The takeoff' distances are AY59 and. YlB8 m for the small and large aircraft, 
>eot, i vo l.v . The 1 and i tig distances for the small and large aircraft, are if-il 

ySuk m, ree pee f i vu I y . 

The payload-range and block fuel data are given in Figure 89. 

A summary of the aerodynamic characteristics of those swing tail aircraft i 
•n in the f'o 1 lowing table. 
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TABLE 55. PRICE SUMMARY - HYDROGEN SWING TAIL AIRCRAFT 



COST 

IN $10 6 


RANGE 

SMALL 

LARGE 

Development 



Airframe 

$ 5 ^ 8.9 

$ 1 , 067 . 8 

Engi ne 

1 ( 00.0 

570.3 

Avionics 

- 

- 

Total 

$9'* 8. 9 

$1,676.1 

Prod action 



A i r f rame Man u fact ur ing Co st 

$ 8.8 

$ .19.7 

( ) t h e r A 1 r f r ame Cost 

7.9 

1 1 . 1 

Sustai. n t ng Engineering 

0 . 6 

1.7 

Tool Maintenance 

0 . 8 

1.9 

( 1 1 . ia 1 i t y A s 0 u r a n e e 

0.9 

2.0 

Mi see > 1 an ecus 

0.9 

0.5 

Prof it 

1 .8 

5.0 

War ran ty 

0 . 6 

1 . 3 

Engine 

3.0 

5 . 9 

Avion! es 

0.5 

0.5 

Subtotal 

$ IT.2 

$ 37.2 

R &D per Aircraft* 

2 . 7 

7.2 

Tc ) t a 1 Aircraft Erie e 

0 19.6 

$ 7l . 7 

*Based on 350 aircraft and 2000 engines 
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b . 6 HYDROGEN AIRCRAFT CONFIGURATION SELECTION 

In tills section the two liquid hydrogen fueled cargo aircraft, the nose loader 
and swing tail, configurations, are compared on the basis of terminal operational 
environment compatibility, maintenance , safety, and performance. One configuraf ion 
is selected for subsequent comparison with reference designs of Jet A fueled air- 
craft to i } lust rate the potential benefits of using hydrogen fuel . 

b.G.L Terminal Operations and Maintenance 

The cargo terminal operational environment envisioned for the 1 090 to 1 OOf 
cargo aircraft is one of maximum automation. Aircraft will be positioned at gate 
areas adjacent to fixed base cargo terminals. Loading "fingers" wild extend from 
the terminal such that when the cargo compartment floor is aligned with this 
" finger" it in effect becomes an extension of the terminal floor. Automated load- 
ing systems will be used to move .loaded containers from the terminal, over the 
finger and into the cargo compartment in a minimum elapsed time. The nose loader 
coni* igurat ion is more- compatible to the fixed base tormina! than the swing tall 
conf igurvit i cm. With the nose visor door open the aircraft can bo taxied into posi- 
tion to male.; with the terminal "finger." However, the swing tail aircraft would 
require a terminal finger that i.s extended to mate with the swing tai l ai reraft 


'‘ter it. is prinked and the 

aft fuse 

1 age i s rotated to 

prov i.de acces 

is to the c 

arg 

jrrjparfment, . A .larger gate 

area i s 

also required, by t 

, he swing fail 

a.i re raf‘t 

to 


provide clearance for the aft fuselage rotation. 

A ire muff maintenance as if pertains ft'.) hydrogen tank removal .is complex to 
per (V e\m ori the swing tail, aircraft when compared to performing the same function 
on tin- nose loader. Tu.nx removal on the swing tail, requires a station plane Joint, 
bo provided in the fuse 1 age structure. Depuration of the fuselage sections at, this 
Joint, allows the tank to be removed. This separation of the fuse 1 age and remating 
upon comp) I ef i on of tank maintenance will require complex ground support equipxnenf . 
Access to the nose loader fuselage upper lobe tanks is provided by removal) 1 e struc- 
tural panels. Those pane l s would be located along the crown of the up >per Lobe, 
open removal of the piano i.s the tanks could then be hoisted vertically for removal. 
The aft, (‘use 1 ago tank would be removed through fuse l.age lower surface doors. 

The control and fuel systems which must span the hinge Joint of the aft, fuse- 
1 ago on the swing fail, aircraft will add complexity to the routine rna I nf enance task . 
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Safely 

SiHii-i fi c- areas of concern regarding safety of hydrogen fueled aircraft are 
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TABLE 56. DESIGN COMPARISON: NOSE LOADER VS SWING TAIL LJ^ SMALL CARGO AIRCRAFT 

56,700 kg (125,000 lb); 5560 km (3000 n mi); M = O .85 
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LH Fuel Cost = $3/1.054 GJ = $3/10 Btu = 15.48^/lb 



TABLE 57. DESIGN COMPARISON: NOSE LOADER VS SWING TAIL LH^ LARGE CARGO AIRCRAFT 
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LH 0 Riel Cost = $3/1. 05U G-J = $3/lo' J Btu = 15.U8^/lb 





soLcted as the LH configuration to be compared to the reference Jet A fueled 
cargo aircraft. 


t . r ( HEF’K H KNC ( J If I 1 A) CARGO AIRCRAFT 

A parametric analysis identical to that described in Sect ion S . k for tne hydro 
gen fueled, cargo aircraft was performed to determine preferred design character i sf i 
for the reference (Jet A- fueled) aircraft. Table shows the results of this 
analysis. hi rice the* fuel required by these vehicles is about three times greater, 
by weight,, than is required by the hydrogen fueled aircraft designed for the same 
mission, the character i s tics of these aircraft vary from those described for the 
hydrogen con f i gu rat i ons . Kor example, the Large aircraft is cons t ra.i nod by the* 
pjite meter takeoff distance requirement rather than by approach speed. Since* it I 
do [J tied by takeoff requ i foment s which are* sensitive to ava i l abi e thrust , there is a 
much larger* wing loading variat inn with aspect ratio than is associated with the 
approach constraint which Is not dependent, on available thrust. 
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56,700 k£ - 55oO to 113,^00 kg - 10,190 km 

TILIZATION = 3600 Hr/Yr UTILIZATION = 4000 Hr/Y 













TABLE S8- ASPECT RATIO SELECTION - JET A CARGO AIRCRAFT (Continued) 
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SURFACE CHARACTERISTICS 
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Figure 90. General Arrangement - Jet A Fuel 
Small Cargo Transport 
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General Arrangement - Jet A Fuel 
Large Cargo Transport 


Figure 9^* 



• The large aircraft uses a high-wing position rather than the mid-wing posi- 
tion of the large hydrogen aircraft to maintain nacelle ground clearance 
while not exceeding a floor height dimension of 4.72 meters ( 15-5 feet). 

The double-lobe type fuselage shape of the hydrogen aircraft with its struc- 
tural tie at the intersection of the two lobes is compatible with the mid- 
wing position. However, the single upper contour fuselage shape of the 
Jet A aircraft with its unbroken upper fuselage structural rings is not 
readily adaptable to the mid-wing position. 

5-7 -1-1 Propulsion System - The propulsion system consists of four pylon wing- 
mounted by-pass ratio 10.9 engines (see Section 3.2) with sea level static thrust 
of 113,029 N (25,140 lb) for the small aircraft and 258,397 N ( 58,090 lb) for the 
large aircraft. Ground operable thrust reversers are incorporated into each engine. 

At the design cruise altitude of 10,973 m (35,000 ft) and cruise Mach number 
of O .85 the specific fuel consumption for both aircraft is 0.620 j^-/daN ( 0.608 j-~/lb). 

5.7. 2 Weight Statement 

Weight prediction methods are described in Section 5.3 and discussion of weight 
statements in Paragraph 5*4.2. Group weight statements for the reference (Jet A) 
aircraft are presented on Tables 59 and 60. 

5-Y-3 Performance 

The performance characteristics of the Jet A aircraft differ from those of the 
hydrogen fueled aircraft in several ways. First, the large Jet A aircraft is con- 
strained by the 2440 m (8000 ft) takeoff field length requirement while all the 
other aircraft are sized by the approach speed condition. Second, the payload- 
range diagrams have the more customary shape which results when the aircraft have 
more fuel capacity than is required for the design mission. 

The takeoff distance of the small aircraft is given for a 0.21 radian (12 de- 
gree) flap deflection and is 2207 m (7240 ft); the takeoff distance of the large 
aircraft is given for 0.35 radian (20 degrees) flap deflection and is 2440 m 
(8000 ft). handing distances are 221.6 and 21.43 m (7270 and 7030 ft) for the small 
and large aircraft, respectively. The payload-range and block fuel characteristics 
for these aircraft are given in Figure 92. 
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TABLE 59. GROUP WEIGHT STATEMENT: SMALL JET A NOSE LOADER 

56,700 kg Payload, 5560 km Range, Mach O .85 Speed 
(125,000 lb Payload, 3000 n m Range, Mach 0.85 Speed) 


ITEM 

KILOGRAM 

POUND 

St rue tare 

5+1,538 

91,575 

Wi ng 

12,381 

87 ,295 

Empennage 

1,75+8 

1 , 8 L h 

H 0 r i z 0 n t al Tail 

793 

1 , 75+9 

Vertical Tail 

955 

S,106 

Fuselage 

17,690 

38,998 

Landing Gear 

7 ,25(9 

15,982 

Nose 

9)42 

2,078 

Main 

6,307 

13 , 90 )+ 

N a 0 e .1 1 e and Pylon 

2,5+70 

5, 5+1+5 

Nad el Lo 

9'+ 3 

2,079 

Py 1 on 

1,587 

3 , 366 

P r 0 p u .1 s i 0 r i Sy s t em 

11 , 356 

25 , 03 )+ 

Eng ines 

8,886 

18,267 

Fue.L Gy s t em 

1,167 

8,573 

Thru:; t Fever sers 

751 

1,055 

Ln ! et 

957 

s ,110 

LHm Tanks 

0 

0 

MI sc< i\ larioous 

195 

5*89 

Sy s. t eiri s and Fq u i prrien t 

8,591 

18,95+0 

Aux i 1 Lar.y Povor System 

255 

561 

Su r L* u m •? Gent ro’l s 

1 ,705 

3,891 

i'ns t rumen t s 

3 5+ 3 

756 

Hydraulics and Pneumatics 

822 

1,8V5 

F 1 < ;■ « ' t r I cal 

1 ,231 

8,715 

Av ton i.e s 

987 

8,175 

Fu ml sn i rigs 

1,770 

3,903 

A 1 r c c .) n < i i. t i o n i n g an d A .1 

1 , 3555 

2 ,99'+ 

Auxiliary Gear - Equipment 

60 

.1 38 

Weight Empty 

01 ,5+85+ 

1 35 ,55+9 

0 fie r a t L r tg Fq u i pmen t 

2 ,225+ 

5* , 906 

0 jr i r ' r ■ i- 1 , i n g W e i * * h t 

63,708 

1 5+ 0,5+55 

(largo Payload 

56,700 

125,000 

Zero Fuel Weight 

120 , 1+08 

265 ,5+55 

Fuel 

5+1 ,083 

90,572 

Gross We Lght 

] 61, 1+91 

356 ,087 
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TABLE 60. GROUP WEIGHT STATEMENT: LARGE JET A NOSE LOADER 

UR, LOO kg Payload, JO, 190 km Range, Mach 0.86 Speed 
(080,000 lb Payload, 8800 n in Range, Mach 0.88 Speed) 
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TABLE 6l. PRICE SUMMARY - JET A CARGO AIRCRAFT 



1 on 350 aircraft and 2000 engines 
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I,be ratio (Jot A/LH.J Tor each parameter. The foll.owinp trends and conelu- 
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hydrogen aircraft require greater fuselage volume than the Jet A aircraft to contain 
the required large fuel volumes, the fuselage drag coefficient levels of the hydro- 


gen aircraft, are higher than the Jet. A aircraft fuselage drag coefficient levels. The 
small aircraft have approximate! y equal induced drag coefficients . The lift coefficient, 
of the Jo 4 A aircraft does not result in a greater induced drag level duo te the Jet A 
aspect ratio 10 wing as compared to the aspect ratio 9 wing on the hyr.iitJgcn aircraft . 


A L though the large aircraft have higher induced drag levels than the small air- 
craft, they have the best L/D ratios because of their lower fuse]. age* drag level 
coefficients. These* fuselage drag level coefficients are lower for the following 
reasons : 


• Although the fuselages are much larger for the large aircraft, the drag 
coefficient is referenced to the wing area which is increased much more 

s i gn i f i cant Ly from the small to the largo mission than the fuselage wetted 
area - this is especially true of the large dot A aircraft because of the 
large wirig aroa this aircraft, has Imposes on it by the takeoff distance 
c( ns tra i nt . 

• The i ncreasod Length of the largo fuselage and the resulting high Reynolds 
number reduce the skin friction coo* f f i c I out for tin? large fuselage. 

Airport per formn.no e is not, a primary input to tin* si sing routine 1 used to con- 
figure the cargo aircraft presented in this study. As previously discussed in 
[teg, ion b . . h . 1 , cruise matched aircraft are defined for a range of wing loadings 

and aspect ratios and then the various constraints art? superimposed. Three of the 
four a i re raft , the twe small aircraft shown i.n Table and the large hydrogen air- 
craft whose chara.e ter I s.t. i in; are Listed in Table are constrained by the 09, b m/s 

( Lib knot,) approa.eh condition and , consequently, provide shorter field lengths than 
the e'TTi m (uOOO ft) reqni rernont . The fourth aircraft , the large dot A, is con- 
strained by the specified takeoff field length mid as a result, produces approach 
speeds less, than b'l.b m/s. (lib knots). 

Although identical design point missions were used to establish characteristics 
•of both the Jet A and hydrogen aircraft, it 5 haul d be noted that the Jet A aircraft 
offer a greater flexibility feu* of f-desigri point missions , see Figures 86 and 9 J- 
Fuor volume in excess of that required to perform the design point mission is not 
provided in the hydrogen aircraft. This is necessitated by the low density, high 
volume characteristics of the hydrogen fuel. The Jet A aircraft can be provided. 


280 



at a minimum penalty, with fuel vo Lurries Ulj and 1.613 times greater, for the small 
and large aircraft respecti veJ.y , than is required to perform the design point mission 

This excess fuel volume in the .Jet, A aircraft provides the ability at a constant 
gross weight comfi t ion to trade payload for additional fuel and hence greater range 
capab'i L 1 1 y . The hydrogen aircraft however can achieve only a slight increase in 
range eapabi.l.i ty beyond the design mange by off-loading pay .Load to reduce gross we \ gu 

t . 8 . 1 1 J n it Price and Qporat ional. Cost, 
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TABLE 65. UNIT l 'RICE AND OPERATIONAL COST COMPARISON: CARGO AIRCRAFT 



V,,Yoo e 
(i;”),ooo ib 

- ' -60 km 

- -;oon n m) 

1 rano kj r , ■ 
(USVOOO lb 

10,190 ktti 
- 9 ‘>00 n m) 

i.h,. 

dKT A 

LH p 

dET A 

| • ] ^ ^ > 

] <} . 

1 8 . h 

V). ID 

<( . 08 

x [ )( m ’ - 'i,/:dg km 

8 . 8 Y 

3 . 00 

;> . 89 

P . 67 

*|)U(! - <£ /to n - n mi 

SO 

Ok 

)i . 88 

h . )ff 
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predict for the hydrogen aircraft until such time that actual experience has been 
gained on actual flight worthy hardware which is compatible with liquid hydrogen. 

The aircraft maintenance cost and utilization rates are dependent upon the magnitude 
of the maintenance manhours required. 

Fuel. Cost - Hydrogen fueL cost is varied from the base cost of three dollars 
per l.09>, t!.J (10 6 Btu) to a low of one dollar and a high of four dollars. Jet A 
fuel cost is varied over the same cost range from the base cost of two dollars per 
<id. The resultant sensitivities of DOC to fuel cost are shown on Figures 9d 
and 9)1 for both the small and large aircraft. These sensitivity curves indicate 
that hydrogen fuel costs can be greater than Jet A fuel costs by 90 and 90 cents 
per l.09>t Oh (I0 f> Btu) for the small and large aircraft respectively, and still 
achieve DOC equivalency between the hydrogen and Jet A aircraft. oec .action i.o.l 
for additional comments regarding recent prices of Jet A fuel and projected costs 

of Ml,. 

Utilization - The base utilization rate for the small aircraft, was 9HK) hours 
per year and >1000 hours per year for the large aircraft. These values were varied 
nvs.-r a range- from 9900 to 9000 hours per year as shown on Figure 99- The slope of 
the curves shown is significant and illustrates the effect high utilization has on 
airline profits. Operational and maintenance procedures for the hydrogen aircraft 
need f.o be developed so at least, equal utilization, relative to the Jet A aircraft, 

( * : U 1 bf* rich 1 ( ‘ Vt h) . 

Maintenance Cord. - Maintenance costs, were- varied over a range -including a 
u, percent reduction in costs to a 10 percent increase, an shown in Figure 90. 
Comparing maintenance cost sensitivities to utilization sensitivities it can be seen 
that, of the two, utilization changes have the greater effect upon DOC. Therefore, 
reducing maintenance time is of more importance than reducing maintenance costs. 

Kn< 1 r^y C< >rn)mnpt. i 01 1 

Cnergy consumption comparisons for the four aircraft are shown in Tables 69 
and M. The large and smal l hydrogen aircraft, consume 9.0 and 19 percent. lo-*> 
energy in accomplishing a giver, mission than the respective Jet A reference air- 
craft,. These data indicate that for the hydrogen fueled aircraft, tire energy con- 
sumed per unit work accomplished decreases as payload and range increase, whereas 
the. opposite trend is. indicated for the Jet, A fueled aircraft. The reasons, for 
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90 EPNdB CONTOUR COMPARISON 
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'ABLE 66. NOISE COMPARISON - CARGO AIRCRAFT 
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aircraft, when compared to another, if it has a lower installed thrust and a steeper 
climb angle. The large aircraft have larger noise footprints simply because their 
size requires more installed thrust. The hydrogen aircraft, for a given mission, 
has a smaller footprint than its Jet A counterpart because it has a lower 
installed thrust combined with a higher thrust-to-weight ratio which gives it 
better climb out characteristics. 

The Landing footprints are a function of thrust, power setting, and velocity. 
The small hydrogen and Jet A aircraft have about the same footprint size because 
they have essentially the same approach tlirust requirements and the same approach 
speed. The power setting is relatively higher for the hydrogen aircraft because it 
has a smaller engine and a lower L/D than the Jet A equivalent. 

The Large .let A aircraft has a smaller landing footprint than the hydrogen 
equivalent because it has a considerably lower approach speed and approach power 
setting even though the actual thrust required for the .let A aircraft, is larger. 

The flyover and sideline noise levels of these four aircraft are 11 to PO El’NdB 
lover than the Limit values defined by FAR Ri>. 

‘j . ii . b Emins ions 

gee Section h . 8 . d for comparison of emissions from LI1,, and .let A turbofan 
engines. 

b . B . A Pafct.y 

The comments of Paragraph H.H.h pertaining to passenger aircraft safety are 
equally applicable to cargo aircraft safety. 
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SECTION 6 


RESEARCH AND TECHNOLOGY RECOMMENDATIONS 


The results reported In the foregoing sections clearly show that liquid 
hydrogen is a very attractive fuel for subsonic transport aircraft, including 
both passenger and cargo types. In this section, research and technology develop- 
ing n t i t ems fire i d e n t i f i ed which are c o n s i de r ed c rue i al to i mp.l ement a t i on of 
hydrogen technology in commercial transport aircraft. The list includes studies, 
items for experimental development, and demonstration programs involving flight 
op'-- rat ions . 

Eol'1 owing the listing and brief description of the items suggested for 
technology development, a schedule is presented which shows a proposed sequence 
and timing of the work. Rough order of magnitude estimates of the level of 
effort. cons 1 de red reasonable and appropriate lor each subject are also shown. 


f>.'l TIEN [NO I iQGY DEVELOPMENT ITEMS 

The following subjects are suggested as items requiring study and develop- 
ment effort, before liquid hydrogen can efficiently and success fu 1 1 y be employed 
us a fuel i.n comme rr i a. I. transport aircraft. The subjects a. re presented in three 
oats >go r i os : s t ud i os , experimental development , and fl ight opera! i ons . 

>. ! . I Gt ud i. os 

I. Al re ra ft Design Studies 
Ac t i v i t les : 

Gtudy aircraft designs to provide mission capabilities representing the 
spectrum of commercial user* interest for the time period subsequent to 
! 9 9 0 . T h e s t u d i e s s h o ul d e n c omp a s s : 

• Passenger aircraft (150 to 800 passengers) 

• Cur fro airr-raft (22,700 t,o 30., 000 kg. [50,000 to 750,000 lbs] payload) 
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• Ranges from 2780 to 10,190 km (1,500 to 5,500 n.mi.) 

• Cruise speeds from Mach 0.7 to 0.85 

Ohj ecti ves : 

A. Determine characteristics of LH^ fueled aircraft for selected air- 
line requirements. 

B. Establish baseline criteria for selected aircraft and for their 
major hydrogen-related subsystems: 

• Tank and insulation system 

• Fuel system component, s 

• Engines 

• Vent, system 

• Auxiliary power unit 

• Er 1 v i t ’ o nine nt al c o n t r o 1 s y e i , em 

C. Establish basis for writing (Operational and mai nteriance equipment 
re qi \ I reman t, s and pr oc ed u re s . 

• Fue l i ng 

• Ho u\, i no i n - se r v i o e n pe r t it \ on s 

• Overnight, out-of-service 

• Kx tendon out— o f— serv i ee 

f). Es tab l i sh basis for writ.ing roqui cement for ai rport far i 1 i t, i es . 

• Fuel storage capacity 

• V ■ 10 i ] i q u e fa c t, i o n pi ? in t c a u a < * i f y 

• Enel handl ing equipment, 

• Maintenance hangers 

Tank Design and Insulation Study 
Act i vl ty : 

For a selected commercial transport aircraft, design make detail design 
studies of candidate fuel tanks and insulation systems. Evaluate each 
fuel containment system in terms of vehicle performance and cost. 
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Objectives : 


A. Establish detail design characteristics and performance of candidate 
tank design and insulation systems. 

• Integral tank/ foam insulation 

• Non-integral tank/foam insulation 

• Integral tank/vacuum and microsphere insulation system 

• Non-integral tank/vacuum and microsphere insulation system 

B. Evaluate the candidate designs on basis of vehicle performance and 
costs (investment, operational, and maintenance). 

C. Select a preferred design for experimental development (see Item 11 ) 
A i rc ra ft Fuel. Sy st em De s i gn 0 tud y 

Act j v L by : 

For a. select, ed commercial transport aircraft design, make detail design 
studies of candidate fuel line concepts and determine size, weight, and 
design requirements of the principle system components. 


Obj ecbi vns : 


A. Fst.ablish design characteristics 


and per fo nuance of candidate .uol 


1 i ncs . 


• vacuum-/) acketod 1 i nos 

• ! ‘o am 1 n s 1 . 1 1 a t . e d 1 if io s 

B. Evn.i uai.e the candidat e fuel l ine designs on basis of weight,, per- 
formance, and costs (investment and maintenance). 

C. gel net a preferred design of fuel line for experimental development 
(see Item 11 ). 

D. Establish size, weight,, design characteristics, and approximate 
cost, of principle fuel system components, e.g., low pressure pumps, 
valves, seals, quantity sensors, etc. 
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h . Airport Fuel Supply System Design Requirements 


Activity: 

Study the thermodynamic design requirements of the fuel supply system for 
a specific airport considering probable fuel volumes required in the 
1.990-2000 era. Determine design requirements of all significant elements 
of the fuel supply system from the LH^ storage vessel to the aircraft tank. 

Ob joe t i.ves : 

A. Determine thermodynamical 1 y acceptable procedures and pressure 
sc Viet iu 1 os for 

• hilling and storing LH 0 in airport reservoir 

• Pi 1 ling and maintaining pressure in aircraft tanks 

• starting aircraft, engines with "warm" feed lines 

!<. ji'.o.f.ab 1 i sh feasible procedures for handling gaseous hydrogen from 


a i 1 

Hi ft', 

vo* n t 

system d uri ng 

f i 1 i. i ng 

and 

extended ground 

hold . 

Dot 

,e rrn t rie 

desi 

gn re cm i re men t, 

s 0 f a 

typD 

cn. 1 ai rpo r t,/a i rc 1 

vi ft fuel inf 

U. U r 

1 dofuo 

1 i ng 

system. 





Dei 

,(‘r:n 1 nr 

■ d e s I 

gn roqui remen t 

s of a 

nrac 

t i cal a. ire raft, v< 

ait, system 


and rn 

ai rport, rec/ 

3,pt ure 

system. 

P rc ) v tih 

0 input, fur T tern 

C m 


■a ! i on s 

•uid Mu i nt enurm * 

P roce 

■dares utufly 


Act, 1 v I ty : 

Conduct (x study of airline one rat i our: and maintenance requirements for a 
selected design of LH 0 fueled commercial transporl. a. ire raft, . 

Ob,] ec 1 1 v e s : 

A . [ ') o f 1 n e | > ) -o c rod u re 5; f o r ro *, 1 t i r i e o p e r* 1 1 i o n s . 

• Fueling into warm tank 

• Fueling into col d tank 

• Defuel ing 

• Pass e n ge r an d e ar go 1 o ar 1 i. n g 

• Overnight, storage 

• Extended out-o f-se rv i ce s to rage 
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• Delay on ground awaiting takeoff 

• Etc. 

B. Define procedures for fuel system- related maintenance. 

• Duel pump replacement 

• Fuel quantity sensor malfunction 

• Tank insulation system defect 

• Tank s t rue t u r al i n sp e c t i o n 

• Fuel line inspection 

• Vent line valve freeze 

• Etc . 

C. Provide input for Item 6. 

6 . D t , i :: ]y o f Ai rpo r t / A i rp lane I n t e r fa ce Facility Requirements 
Ac t i vity : 

perform an analysis of facilities which will he requi red at a typical 
airport, in 1990 - 9000 to support IjH 0 fueled airline traffic. Layout 
the facility and design the hydrogen-related elements in sufficient 
do t a i. 1 t o d e t o rm i no r ea 1 i s t, i ( 1 c o s t e si, i ma i , o s . 

Object i.ves : 

A . Est.r-j.bl i s h requi r e men f s f o r t y p i c a 1 a i r p o r t „ f a c i 1 i t i e s no e ( 1 e d t , o 
support, airline npe rataorm of LH^ fueled aircraft. 

• Fuel sfora.ge capacity 

• Fuel 1. i que fact, i on plant capacity 

• Fueling system design and capacities 

• Do fueling s y s t . e m 

• Gaseous hydrogen return and disposal, system 

• Maintenance hunger design requirements 

• A i r po r t f ac i 1 i t y 1 ay o ut 

B. Estimate cost of airport facilities for typical installation. 
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T- Systems Analysis of Ways to Initiat e LH n Fuel Service in Airline 
Operations “ ~ — ” 

Act i vi ty : 

Analyze airline route structures, traffic densities, and aircraft usage 
throughout the United States as projected for the .1990-2000 time period 
In addition, include consideration of connecting international routes, 
with special attention to routes to those countries most likely to 
require early relief from use of hydrocarbon fuel. 

Ob j eet i ves : 

A . De t e r m i. n o f e a s i b 1 e way s t o i n i 1 , i ? i. to use of 1 11 , f u el i n c omme r o i a 1 

fj 

f ran spo r t ? j, i r c ra ft , f o r o >: umpl e , 


• 

by 

ai rl ine 


• 

by 

eity-pnir, e. 

g. , [j.A. fo Washington 

• 

by 

regi on , e . g . , 

West Coast 


b- Project. the fuel changeover from [!.S. domestic airlines to inter- 
na, tri on a 1 c.arri ors . 

0- Mr. ab 1 i sh a feasible schedule for* installation of hH 0 facilities at. 
airports and determine costs and fuel requ i rement. s vs years. 

P. Pe fine principle problems, costs, and possible met., bod s of funding. 

8 . A 1 r f rt im o S to *u e 1 , u r a 1 De s i gn Co nc e p t s S t u d y 

Act, i. v I t,y : 

Mo r a re looted commerc i a 1 t ran sport, ai re raff des Lgn , make dota.i 1 stud i oi- 
o f r sari 1 i i t laf o fusel age st rue f u ra 1 cone opt s fo r i nf eg rat i ng the pro f e r red 
o ry o g en I c .* t at i k an d i. n s u l a t i o n s y s t , cm * ; . 

0b j eet, i. yes : 

Determine preferred airframe structural design concept . f no I ude eon- 
s I dorat'i on o f the fol Lowing : 

• D i. f ferentia i thermal expansion 

• 0 om i vi t , ibil 1 ty o f mat o r i a 1 s w i. t h hy d r o ge n e n v i r o n in e n t 

• Herat leaks fo tank structure through attachment. s 

• Nee e s s i ty o f remov ing t ank s f o r re pa i r and / o r r epl ae emeu f . 
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9 . Advanced Engine Design Study 


Activity : 

Conduct a design study to establish preferred characteristics of a 
hydrogen-fueled turbo fan engine for a specified commercial transport 

aircraft . 


Objectives : 

A. Establish design and performance characteristics of an advanced 
design, quiet, cieanburning LH 0 fueled engine to natch requirements 
of a selected airplane design. Provide size, weight, cycle rharac- 
t e r i s 1 1 c s , pe r f o rm an c e , a n d cost estimates. 

B. Establish requirements for major components, e.g., high pressure 
pump, heat exchanger, combustor design, noise suppression devices, 
engine control system, compressor, fan, turbines, and cooling 
system . 


0 . provide input for Item IP. 


1 0 . 


E r i j i ly o f He ] at i ve Hat a r d s 
A i rc raft. 


of LH vs Jet A Fuel 


In Commercial Transport. 


Act, i vi ty : 

Sl.uiiv representative designs of a selected size of commercial transport, 
aircraft. ; one fueled with LH 0 , the other with conventional Jet A. 
Analyze the designs for probable failure inodes, both in-flight, arid on 
the ground. Whore appropriate, supplement the study with analysis of 
arc i dent, reports . 


Ob j or t i ves : 

A. By analysis of probabilities of various kinds of accidents, both ii 
plight and on the ground, estimate probable failure modes and 
results which can be expected with both fuel systems. 

B. Provide input for Item 15- 
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6.1.2 Experimental Development 


11. Fuel System Technology Development 

Activity : 

Design, fabricate and test a model of a complete aircraft fuel system 

i no lading : 

• t ant 

• insulation system 

• feed lines and vent systems 

• valves 

• pumps 

• quan 1 1 t y sensor s y s tern 

• quick disconnect, gaseous hydrogen 

• quick disconnect, .liquid hydrogen 

• 1 oak detection 

• fire detection 

• fuel (jumping system 

Op/p m * 1 1 ves : 

A. Determine charac te r L st I cos of a satisfactory design for the fuel 
sy s t e i7: ( * orn ponen t s . 

F • hstubl isn design spoci I {(rations for ilk, fuel systems and component 
suit a. i ) 0 * fo r a i. r c r a ft. se r v ice. 

C. Dot ( r rrn i no procedures for performing inspect, ion and repair of l,H 0 
sy s tom component s . 

TE l -t’ t e r n i n e ( '* f‘ i *e c t of r e p o a t e d f 1 i. g h t c y e 1 e s on t , :■ ink s b rue 1 1 1 r e , 

i n s u 1 ; ft , i o n sy stem, a n d f u o 1 f e e < 1 sy s t o m . 

F* Bogin development of technology with aircraft, components related 
to use of LH , e.g., cryogenic insulation, pumps, valves, seals, 
wlilch will meet airline standards of long life, reliability, and 
rna i nla I nab i. I i ty . 
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12. 


Engine Technology Deve lopm ent 
Act ivi ty : 

Design, fabricate and test components of an advanced design of LH p 
fueled engine including 

• High pressure pump 

• Heat exchanger 

• Combustor 

• Cooled turbines and. nozzles 

• Engine control system 

Objectives : 

A. Develop component technology required to build a liquid hydrogen 
fueled engine i.ncorporati ng features to capitalize on advantages 
available with the fuel . 

f . Begin development of technology in engine components such as pump 
valves, bearings, and seals which will meet long-life reliability 
a n i i m a i nta i n ab i 1 i t y r e q u i r e m f ' n t s . 

1 1 . Mat o r 1 a J s De ve l opine n t 

Ac 1 1 vi ty : 

Conduct literature searches, (Obtain rnanu fac turer * s data, and perform 
laboratory experiments . 

Ob,] (-art, i ves : 

A. Determine materials preferred for use as 

• Cryogenic insulation for fuel tank 

• Impermeable barrier to either 0H o or air 

• Tank b Ladder/st ruetural material 

• Structural connection between cryogenic tank and ambient 
temperature aircraft structure 

• Cryogenic fuel 1 ine/bellows/support structure 

• Sealing surfaces for valves 
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B. Begin determination of effects of long-term exposure to hydrogen 
of structural and component materials. 

Hazard Posed by Fire: LH vs Jet A Fuel 

Activity : 

Hxpose instrumented fuselage sections of surplus transput*! aircraft- to 
f\L re from equal-energy quantities of LH and Jet A fuel. 

Object i. ve : 

Do Pennine effect, of fire from burning fuel adjacent to passenger com- 
partment and compare relative hn.za.rds to crow and passengers. 

15. Sa fety in Hon fatal Crashes 

Act i. v i ty : 

Jimuiatc non fata! crashes with surplus aircraft components containing 
residual fuel in typical tank structures. Duplicate tests for each 
fuel system and Jet A). 

object, i ve : 

Determine effect, of simulated crash using each fuel system and compare 
relative hazard to crew and passengers. 

'j V 1 i gh*. ( ) pc rat i ons 

lf>. Blight Demons ! ra.t i on Program 

Ac 1 1 v i t,y : 

Convat two subsonic tra.nsport, aircraft to LH 0 fuel and operate in 
simulated cargo and/or passenger carrying service for two years. 

Object i ves: 

A. Loam how f,o handle LH 0 as an aircraft fuel in a.n operational 
man hot- . 

B. Determine the practicability of the cryogenic fuel system in terms 
of inspection, maintenance, durability, and performance. 
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C. Provide a basis for writing design and operational specifications 
for hydrogen-related equipment and procedures. 

D. Establish confidence that hydrogen can be used safely in airl Luc- 
type operations. 

* 

17. Ai rport Fuel-Handling Demonstration Project 
Act ivity : 

Design, fabricate, and operate a complete airport fuel-hand.] ing facility 
using hardware scaled to requirements of Item 1.6 (above). 

Object i ve : 

Determine system and component performance characteristics, operational 
arid maintenance techniques, safety standards, future design criteria, 
and co s t r e iat ion sh i p s . 


6 . : > lECHNOEOOY DEVELOPMENT SCHEDULE 

Figaro 99 present, s a schedule for performing the studies, development,, 
and operations described in the preceding section so hydrogen technology can be 
ready tor i nco rporat i on in a commercial transport aircraft design on a timely 
bn s is. 

[t.. is important to keep two idlings in mind when considering this schedule: 

• Development of an industrial capability to produce, transport, and 
store su ff‘ Le lent quantities of liquid hydrogen to meet America’s needs 
for long— range transport aircraft will probably take at- least 15 years, 
e.g., from 1975 to 1990. 

• Development, of a LH fueled transport aircraft, ready for first use, will 
probably take about 10 years after the technology development of 


AC. 

r>uKp;o:;t.n<l in Re Terence 26, Chapter V-B, Alternate Fuels. 
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Figure 99 has been completed, and after an aircraft design specification 
has been agreed upon and a decision is made to proceed. 

These two factors, together with the Technology Development Program herein 
proposed, are considered to be the principle requirements which must be met 
before liquid hydrogen can be successfully employed in commercial transport 
aircraft. The fundamental pacing item is development of the industrial capa- 
bility to produce gaseous hydrogen in sufficient quantity, pipeline it to key 
airports, and there liquefy and store it, all for an economically competitive 
price. If this capability can be established in 15 years, the program for 
development of the hydrogen related technology items listed above should begin 
immediately in order that the aircraft design and development can, in turn, be 
completed by the time the LH 0 supply is assured. 
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SECTION 7 


CONCLUSIONS 

The use of liquid hydrogen as fuel in subsonic transport aircraft results in 
designs which are lighter, have smaller wings but larger fuselages, require 
smaller engines, can operate from shorter runways, minimize pollution of the 
atmosphere, and expend less energy in performing their missions than correspond- 
ing designs fueled with conventional hydrocarbon (Jet A). Depending on Idle 
payload- range design requirement, the cost of liquid hydrogen can be between POb 
and 70 greater per l.OS^GJ (lO^Btu), relative to Jet A cost, and still provide 
1 o we r d i. reo t opera t ing cos t . 

To establish a perspective for this DOC comparison, at prices international 
carriers paid for Jet A in the latest month for which data was available, viz., 
September 1974, airlines could have realized a reduction in DOC of more than 11 
percent, from 0.573 down to 0.508^/seat km (l.06l down to 0.94-0^/seat n. mi.), 
using the long range passenger aircraft defined in this study as an example, 

g 

and assuming availability of LH^ at $2 . 50/l .054GJ (10 Btu), the price forecast 
in 1973 by the Linde Division of Union Carbide Corporation (Reference 13 ). 

Transport aircraft, designed to use LH probably will not look unconventional. 
There are sound foehn Leu] reasons why current, subsonic aircraft look the way they 
do. ALtdiough this, is not to say that changes will not, be made; nevertheless, 
radical departures from the norm of today's design standards almost Invariably 
involve significant tradeoffs in performance because of either structural weight 
or aorodynam i c penalties. Co it Ls that the preferred design concepts for 
Lyd rogen- fueled passenger and cargo transport aircraft evolved in this study have 
conventional appearance. Unusual con f i gurat ions which were investigated to see 
if use of the new fuel would open up design possibilities proved to be flawed. 
Designs configured to provide specific advantages developed serious problems in 
other respect, s such that the net result was unsat i sfacto ry . 
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The external tank arrangement, investigated in the passenger aircraft part 
of the study to see if fuel tanks mounted on a short pylon above the wing at 
about mid-span offered any advantage in passenger safety, operational, or 
maintenance considerations, proved the point. The configuration was found to 
offer significant maintenance advantage, but for the size tanks involved on 
aircraft in this study, to actually be a detriment operationally and to have 
questionable safety aspects. It was significantly inferior insofar as per- 
formance and operational costs were concerned. 

Accordingly, the configuration of passenger aircraft which carries the hH ? 
fuel within the fuselage in two tanks, one forward and one aft of the double- 
fleck passenger compartment, and which retains conventional design values for 
relationships like fuselage fineness ratio, wing aspect ratio and sweep, and 
wing loading, was found to he preferred. 

Similarly, the configuration for LHL fueled cargo airplanes found to be 
preferred for the missions of this study has a conventional external appearance, 
even though a series of preliminary design studies was carried out to investi- 
gate unusual approaches which, when orginally suggested, appeared to have some 
special merit. The selected design has a "visor nose" which lifts to permit 
loading of cargo from the front end. Cargo containers are loaded in two rows 
side-by-side. LH fuel is contained entirely within the fuselage, mostly in 
the space above the cargo compartment. 

The problems of designing and developing practical, realistic transport air- 
craft fueled with liquid hydrogen which can meet airline standards for maintenance, 
operations, and utilization in either passenger or cargo application, are 
challenging but not insurmountable. Solutions require technology development but 
are not dependent upon either a breakthrough in capability or invention of new 
products for success. Development of a production and distribution capability to 
provide Lff, in sufficient quantity to meet airline requirements at a reasonable 
price, is seen as a critical and pacing consideration. 


306 



SECTION 3 


RECOMMENDATIONS 


In view of the many attractive advantages which result, from use of liquid 
hydrogen as fuel for long range subsonic transport aircraft, and because of the 
recognized problems of maintaining an adequate supply of petroleum-based con- 
ventional fuel throughout, the world. It is recommended that development of 
appropriate technology be actively pursued. Section 6, Research and Technology 
Recommendations, lists 17 items which constitute a recommended program for 
development of aircraft related technology. A schedule for this program is 
shown in Figure 99* 


Concurrently with this aircraft technology development program, and starting 
at the conclusion of Item 7 in Figure 99 (indicated by the dashed portion oi the 
bar), advanced econometric and operations analyses with emphasis on societal im- 
pact connotations should be conducted to determine an economically feasible and 
viable plan for converting commercial transport aircraft to hydrogen. Along 
with that study would come a determination of preferred mission requirements for 
the initial design of LH fueled transport aircraft. As indicated by the length 
of the dashed portion of the bar on Item 7, Figure 99, this determination should 
be made early in 1980 so that a decision can then be made at the end of that same 
year to proceed with prototype development of the first production aircraft. 
Allowing ten years from design go-ahead to first delivery for operational use, 
this would put the first commercial transport airplane designed for LHg fuel in 
service in 1990 , about the time airlines would normally be ready to begin replace- 
ment of the current wide-bodied transports. Recognizing that several sizes of 
transport aircraft will ultimately be required to efficiently meet the needs of 
the air transport industry, both at home and abroad, development and production 
of a series of aircraft must be planned, in addition to modification and conver- 
sion of appropriate existing aircraft. 
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It is considered technically feasible that hydrogen-fueled transport air- 
craft can be developed and ready to begin commercial operations in 1990. How- 
ever, the following significant conditions are recognized as mandatory and 
supplemental to the aircraft-related technology requirements in order to 
a c h i e v e t his go a 1 : 

• A national (and international) commitment must be made to develop hydrogen 
for widespread use, and commercial transport aircraft must, be mandated to 
use it. 

• Hydrogen manufacture and distribution systems must be developed and 
I rnpl omen ted . 

• facilities must be provided on or near airports to liquefy, store, and 
hand 1 e hyd rogen . 

The critical item which paces the entire operation appears to be develop- 
ment of an industrial capability to produce gaseous hydrogen, pipeline it, to 
areas near key airports, and there liquefy and store it in sufficient quantities 
rind at, an econorn i ra 1 1 y competitive price that airline needs can he met. Assum- 
ing that, such an indust, rial capability can be developed in 19 years, e.g., 1975 
to 1990, it, is necessary that the aircraft technology development program shown 
in Figure 99 be started immediately. 
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APPENDIX A 


PHYSICAL PROPERTIES OF HYDROGEN* 


LIQUID 


Melting point at atmospheric pressure. 

. ° K (°R ) 

13.95 

( 25 . 1 ) 

Boiling point at atmospheric pressure. 

°K (°R ) 

20.1(5 

( 36 . 8 ) 

Critical temperature 

°K (°R ) 

33.17 

( 59 . 7 ) 

Critical pressure 

. kPa (psia) 

1,317 

( 1 91 ) 

Specific gravity (liquid water = 1.00) 

• 

. 071 

.071 

Density ( 1 iquid ) (at -h2°F and 

30 in Hg) 

. k g/ivT* ( Ib/ft ^ ) 

69.9 

(U.U2) 

Specific heat 

Viscosity (at normal b.p. ) 

.kJ/kg (Btu/lb) 

. Ns/m*” (poises) 

1.325 

182 x 10~ 5 

( . 57 ) 

(l 82 xl 0 -6 ) 

Heat of fusion 

.kJ/kg (Btu/lb) 

58.6 

(25.?) 

Inversion point... Joule Thomson . . . . 

°K (°R ) 

20h . 1 

( 367 • k ) 

Heat uf v * i p o r i z a t i o n (nearly a 1 1 

para) 

. kJ /k& ( Btu/lb ) 

lt)(3 

(190.5) 

GAS 




Specific gravity 21T*6°K (air = 1.00). 


.06953 

.06953 

Density (213. 2°K and 762mm Hp: ) .... 

.kg/m 3 (lb/ ft 3 ) 

.0853 

( .00532) 

S pacific v o J. i lrn e ( 2 1. 3 . 2 ° K an d 

762mm II? 1 :) 

.m 3 /kg (ft 3 /.Lb) 

11.72 

(187. 9) 

Gross heat of combustion (inch. 

latent heat energy of steam) .... 

.kJ/rrC (Btu/ftO 

26 . 7x1 O ' 3 

(325.1 ) 

Gross heat of combustion (incl. 

.latent heat energy of steam). . . . 

.kj/ky (Btu/lb) 

]Ul. 96 x 10 

( 61 , 08 ) 4 ) 


*From "A Hydrogen Energy Carrier", Vol . II, Systems Analysis, Sept. 1973, a report 
by the NA5A-ASEE Engineering Systems Design Institute (University of Houston, NASA- 
Jnhnson Space Center, and Rice University). 

**NOTE: The lower heat of combustion = 120,091 kJ/kg (51 ,590 Btu/lb) was used in the 

subject study for purposes of thermodynamic calculations. 
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GAS (CONT) 

Energy of gas/air mixture (F/A ratio 

0.420 vol . ; 0.020 wt.; or 29.6# H 0 ? 

by vol.) .kj/rn (Btu/ft' ) 6.68x10 (81.3) 

Vol . of air required per vol. of 

combustible - 2.382 2.382 


Kg air required per Kg combustible . . . 

F 1 am e t emp e r a. t are ( F / A r a t i o 0.462 vol.; 
0.0313 wt . ; or 31.6# H 0 by vol.). . ^ 

I g nit i ' > n t em p e r fit are in air ( aut o 

ignition) 

Ignition temperature in oxygen 

Flammability limits, vo ; . H in air . . 

FI arrimabi l.ity limits, vol. in oxygen . 

Detonation Limits, vol.. If 0 in air . . . 

Detonation limits, vol. H 0 in oxygen . . 

[f aif I ammnb 1 e 1 imlts , a i r-hydrogen- 

oarbon ciioxi tie 

Nnrii* i arrimab ; o 1 imits , ai r-hydrogen- 

nitrogen 

Kami ss i v 1 1,y ; > f f'l a.me ( b 1 aokbody = I . 00 ) 


- 

30226 


34.226 

°K ( °R ) 

2,311 


(4.I.6O) 

°K ( °R ) 

80 


(1525) 

°K (°R) 

833 


(1500) 

of 

/0 

h. 1-70 2 


- 

Si 

jO 

0 6-93.9 


- 

of 

/O 

1.8.3-59 


- 

of 

fO 

15-90 


- 

- 

Less than 

8/5 0,, 

- 

- 

i,es s than 

6%0 o 

- 


.08^ 


- 
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CHEMICAL PROPERTIES 


Hydrogen in liquid or gaseous form will reach violently with strong oxidizers 
such as oxygen and spontaneously with fluorine and chlorine trifluroide. 

Hydrogen gas is colorless, odorless, nontoxic (though asphyxiating), and non- 
corrosive. When its temperature is that of the ambient air, its density is only 
about 1/1 U of the air density, and the gas is thus strongly buoyant; however, the 
vapor at the boiling point is as heavy as air at 70°F . 

Liquid hydrogen is a transparent, colorless liquid of low viscosity. It does 
not form solutions with any material except, to a slight extent, with helium. In 
particular, gases like oxygen and nitrogen condense and freeze to solids in liquid 
hydrogen without entering into solution. At about lh°K (-Jb35°F) liquid hydrogen 
freezes to a solid. The tempera.ture and pressure at the triple point (at which 
solid. Liquid and gaseous hydrogen co-exist) are l7.0°K and 0.071 atmospheres for 
normal hydrogen , and 1 3 . 8°K and 0.06 c ) atmospheres for para-hydrogen. Solid hydrogen 
freezes into a white crystalline or snow-like mass. 

Hydrogen diffuses approximately 3.8 times faster than air. A spill of 500 
gallons of liquid hydrogen on the ground has diffused to a nonexplosive mixture 
after about one minute. Air turbulence increases the rate of hydrogen diffusion. 

Hydrogen in both the Liquid and gaseous states is particularly subject to 
.leakage because of its low viscosity and low molecular weight. Leakage rate is 
inversely proportional to viscosity. Because of its low viscosity alone, the leak- 
age of liquid hydrogen will he roughly 100 times that of JP-H fuel, 50 times that 
of water, and 10 times that of liquid nitrogen. Likewise, the leakage of gaseous 
hydrogen wild be greater than that of air. 

Reference: Cloyd , D. R. and N. J. Murphy; Handling Hazardous Materials, Chapter 1, 

Liquid Hydrogen, NASA SP-5032, September, 1 96 5 - 
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APPENDIX B 


EXAMPLE ASSET AUTOPLOT DATA PRESENTATIONS 


FIGURE 

TITLE 

B-1. 

Takeoff Gross Weight 

B-2 

Flyaway Cost 

B-S 

Direct Operating Cost 

B-H 

Direct Operating Cost 


CONSTRAINT LEGEND 


LLNE TITLE 


I 

Maximum Ceiling 

m ( f t ) 

10363 

(37000) 

2 

M ax 1 mum C e i. 1 i ng 

:u (ft) 

.10973 

(36000) 


Maximum Ceil ing 

m ( ft ) 

1.1 S 82 

(38000) 

h 

Conventional Takeoff Distance 

m (ft) 

2738 

( 8000 ) 

c j 

Engine Out Takeoff Distance 

m ( ft ) 

2738 

(8000) 

6 

Grid Segment Climb Gradient 


.03 

( .03) 

f 

Approach Speed 

m / s ( K FAS ) 

6l .7 

(120) 

8 

Approach Speed 

m/s (KEAS) 

69.7 

(H5) 

9 

Approach Speed 

m/s (KEAS) 

77.2 

(160) 

0 

Convent iona 1 Land i ng 
Distances 

m ( ft ) 

2738 

( 8000 ) 

t 

Approach Speed With 
+ 9072 Kg 

m/s (KEAS) 

69.7 

(135) 

' > 
c. 

J ,;:md i ng D i s t anc e W i t h 
+ 9072 Kg 

m ( f t ) 

OO 

pr*. 

CJ 

(8000) 


Approach Speed With 95% 
TOGW 

m/s (KEAS) 

77-2 

(150) 

1 

a 

Landing Distance With 95% 
TOGW 

m ( ft ) 

2738 

(8000) 
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WEIGHT ( LBS ) 


SUBSONIC JP A/C, HOO PASSENGER, CL 1317-3-1 
RANGE=5500 Nh I , Pi A C H = . 8 5 SU*EEP(C/*t) = 30. DEG 
A R = 8-0, T / C = 1 1 - 00, CT/CR=0.30, ENGINE 83000 


640000 


620000 


60C000 


580000 


560000 


540000 


520000 



Figure B-l. Takeoff Gross Weight 


B-2 





COST (flILLION DOLLARS PER AIRCRAFT) 


SUBSONIC JP A/C, ^00 PASSENGER, CL 1317-3-1 
RANGE=5500 NTiI, Pi A C H = . 8 5 SWEEP! C/^ >=30. DEG 
A R = 8.0, T/C=I1.00, CT/CR=0.30, ENGINE 83000 



Figure B-2 . Flyaway Cost 


B-3 







DOC (CENTS PER SEAT N. MILE) 


SUBSONIC JP A/C, A 0 0 PASSENGER, CL 1317-3-1 
RANGE=5500 Nfnl, fnACH=.85 S W E E P ( C / A ) = 3 0 . DEG 

A R = 8.0, T / C = 1 l .00, CT/CR = 0.30, ENGINE 83000 



Figure B-3. Direct Operating Cost 
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DOC (CENTS PER SEAT N. NILE) 


SUBSONIC JP A/C, *00 PASSENGER, CL 1317-3-1 
RANGE=5500 N N I , A C H = . 8 5 SWEEP(C/*)=30. DEG 
AR= 8.0, T/C=11.00, CT/CR=0.30, ENGINE 83000 



Figure B— 4. Direct Operating Cost- 



APPENDIX C 


EXTERNAL LOADS CRITERIA AND LOADS 


The purpose of this appendix is to present the structural design critei ia, and 
the preliminary loads resulting from application of these criteria to the coni lgura- 
tions discussed in the body of the report. The depth and scope of the loads analysi 
is sufficient to support the selection of a preferred structural concept, the pre- 
diction of structural weight, and the cost. 


Criteria and Basis Data 
• Airplane Weight 

The loads shown in this section are based on the estimated airplane weight 
buildup shown in Table C-l. 


• Design Speed s 


The design speed altitude variation 
significant speeds in this analysis 
and V^/M^ = 36.1/ .95 &t 21, fOO feet. 


used is the same as the L-1011. The 

are v /M = 35^ KEAS/.90 at 26,000 feet 
c c 


• Design Load Factor 

Flight maneuver load envelope for the liquid hydrogen transport is based on 
the same criteria as the L-1011. The limits are: 


-1 .0 <n < 2.5 at V< V /M 
Z C c 

0 < n <2.5 at V /M <V< V /M 
z ecu u 

Gust load factors are based on the same gust velocity variation as the 
h-101.1 at the critical cruise condition = ^5 fps at 26,000 1 eet . 


• Aerodynamic Data 

Aerodynamic stability data used in this analysis are based on the L-1011 
and have been modified as appropriate to reflect the configuration diffei- 
ences. It is assumed that the vanes on the wing tanks operate in an active 
mode such that total airplane stability is not affected by the tanks. 
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TABLE C-l. DESIGN WEIGHT SUMMARY 



FUSELAGE 

TANK 

CONFIGURATION 

WING 

TANK 

CONFIGURATION 

Maximum Take-off Gross Weight 

1+00,000 

1+00,000 

La n d i n g G r o s s We i g ht 

380,000 

380,000 

0 per at 1 n g We ight Emp ly 

238,000 

21+6,000 

Structural Reserve Fuel 

5,000 

6,000 

Max. Wt. with Structura.l Reserve Fuel 

370,000 

373,000 

Min i mum F 1 y i ng We i g ht 

21+3,000 

252,000 


• Inertia Data 

'J 1 he inertia distribution data used has Been estimated based on the basic 
geometry and the weights of Table C-l. Forward e.g. for the fuselage tank 
eonf igu rat ion is assumed to be at 20% MAC a.nd for the external tank config- 
uration at 2'{% MAC. Structural Reserve Fuel is based on the L- 1.0 11 value 
of 1% total fuel . 

Des igri I ,ead s 

• Forebody 

Fore body loads for each configuration are given in Figure C-l for the critical 
discrete gust conditions. Relieving airloads and pitching accelerations a. re 
cunserval ive l y ignored. The L-101 1. forebody, over most of its length, was 
critical for dynamic landing followed, by dynamic gust. It is not known how 
a detailed dynamic landing analysis would compare with these Loads. It is 
estimated that such loads might be 10% higher than those shown. 

• Afterbody 

Three conditions were considered on the afterbody : 

( l.) A down horizontal, tail load of 100,000 pounds combined with P.5 g 1 n to 
s i rn 1 1 1 at e a FLA condi ti o n . 


C-2 


.Scabs owe I 
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(2) A down horizontal tail load of 130,000 pounds combined with 1.0 R to 
simulate an abrupt pitching maneuver. 

(3) A vertical gust at V . 

Resulting loads for these conditions are shown in Figures C-2 and C-3. 


• Wing 

Wing additional and basic airloads are taken from L-lOll. data. For the 
external wing tank configuration, a vertical airload of 20,000 pounds is 
also applied to the tank at its eg. The load axis chosen for each wing is 
the same as that of the L-1011. When either wing is superimposed on that 
of the L-1011, such that the 25% chordline and airplane center line coincide 
the wing load axes also coincide. The load axis for each wing is defined 
in terms of its own geometry in Figures C-U, C-5 aad C-6. 

Wing loads wei^e critical for gust at V . The fuselage tank con figuration 
was critical at maximum gross weight and the results are shown in Figure C-h 
In the external wing lank configuration, two conditions were critical. 1 ho 
inner wing was critical for gust with maximum cargo and structural reserve 
i‘ue 1 . Tills condition is shown in Figure C-^i. The outer wing was critical 
f'or maximum gross weight. This condition is shown in Figure 0-6. 


Extern a 1 W i n ; : T / :mk 


Trank attachment loads are given fur two conditions, landing and tax 
loads are based on a tank weight of 55,000 pounds. Taxi loads are based 
tank weight nt‘ 61,700 pounds. These loads are referenced to the tank eg 
combinations a re to be considered for criticality. 


. 1 and i ng. 

on a. f u : 1 
and al 1 


Lx Hi. 

Lx Lb. 

Sy lb. 

My in. -lb. 
Mx. in. Lb. 


] ,ANI.) LNO 

- 165,000 

±55,000 

± 55,000 

±77,000,000 

±17,000,000 


Li'/VA L 

- 200,000 

0 

±)| 0,000 
±1 7 , 000, 000 
±17,000,000 


NOTE: All loads in this Appendix are on a LIMIT basis. 
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Figure C-2. LH„ Subsonic Transport Fuselage Aftbody Limit Loads (Fuselage Tank Config. 




\0A 


Figure C-3. LH Subsonic Transport Fuselage Aftbody Limit Loads (External Wing Tank Config. 
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Figure C-4. LH C Subsonic Transport Wing Limit Loads (Fuselage Tank Config.) 

































APPENDIX D 


SELECTED ASSET COMPUTER PRINTOUT PAGES 

FINAL POINT - DESIGN AIRCRAFT: 

1. LH 2 , 400 PAX, 3,000 n mi. 

2. LH 2 , 400 PAX, 5,500 n mi. 

3. Jet A, 400 Pax, 3,000 n mi. 

4. Jet A, 400 Pax, 5,500 n mi. 

EXTERNAL TANK LH^ DESIGNS (FROM TASK 3): 

5. LH , 400 PAX, 3,000 n mi. 

6. LH , 400 PAX, 5,500 n mi. 
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APPENDIX E 

EVALUATION OF AIR CUSHION LANDING SYSTEM 
AS APPLIED TO 

LIQUID HYDROGEN FUELED CARGO TRANSPORT 

Introduction 

This conceptual study is conducted to determine the advantages and disadvantages 
of substituting as Air Cushion Landing System (ACLS) for the conventional landing 
gear on the large liquid hydrogen cargo transport. The payload and mission fuel are 
held constant for the performance analysis, thus changes in aircraft weight and drag 
affect only the design mission range. Specifically, the following items are assessed: 

Weight 

Drag 

Performance 

Cost (Engineering Estimates Only) 

The weight and cost data for the ACLS System were based upon previous C-130 ACLS 
studies performed by the Bell Aerospace Division Testron and the Lockheed-Georgia 
Company. 

The baseline aircraft is shown in Figure E-l and the ACLS aircraft in Figure E-2. 

I 

The study results are summarized on Figure E-3. 

System Description 

The air Cushion Landing System (ACLS) is based upon the Ground Effect principle 
The conventional undercarriage landing gear, which consists of multiple wheel bogies 
and shock struts, is replaced by an inflatable pneumatic bag or trunk mounted beneath 
and surrounding the aircraft fuselage. A continuous air feed maintains the trunk 
inflation, and escaping jet air creates a low ground-over pressure when the trunk is 
close to the surface. This air, sealed around the periphery by the trunk, is called 
the air cushion and supports the weight of the aircraft. The continued flow of air 
at low pressure provides a film of air that enables the aircraft to operate over the 
commercial airport surfaced runways and improved surfaces of low bearing strength. 

The trunk is retracted to reduce excessive drag at flight cruise speeds. 
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CONVENTIONAL 
GEAR 1 

ACLS 

ITEM 



Operating weight - kg (lb) 

138,670 (305,710) 

136,842 (301,680) 

Payload - kg (lb) 

113,1*00 (250,000) 

113,400 (250,000) 

Mission fuel - kg (lb) 

48,OOl* (105,830) 

48,004 (105,830) 

Gross weight - kg (lb) 

300,075 (661,540) 

298,246 (657,510) 

DRAG 



Counts of drag 

289 

291 

PERFORMANCE 
Range - km (n m") 

10,186 (5,500) 

10,149 (5,480) 

T.O. distance - m (ft) 

2,185 (7,170) 

2,423 (7,950) 

Landing distance - m (ft) 

2,304 (7,560) 

2,301 (7,550) 

COST 

Aircraft cost ($ X 10^) 

39.12 

40.94 

Landing system 
cost ($ X 10 6 ) 

1.07 

2.89 

DOC - #/Mg km 

2.89 

2.95 

DOC - $/ton n m 

4.86 

4.95 


Figure E-3. Summary of Study Results 

Braking capability is provided by addition of brake pillows to the aft portion, 
and on both sides of the trunk. Braking is provided through controlled inflation of 
these pillows, which locally deforms the trunk causing brake treads to contact the 
runway. While steering may be accomplished by aerodynamic and/or propulsion forces, 
steering by differential braking or lower taxi or maneuver speeds is provided. 
Parking is accomplished by inflating bladder cells inside the trunk prior to engine 
shutdown . 

ACLS Operation 

The aircraft will be parked during the cargo loading, and trunk air pressure 
maintained by the parking system, The auxiliary ACLS engines and air cushion system 
will be used to move away from the loading area, either towed or taxied, to the 
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runway for takeoff. The' takeoff run will impose no particular problems other than 
yawing at low speeds due to possible crosswinds. The lift-off will be accomplished 
by rotating the aircraft approximately 0.07 radians (4 degrees) once the appropriate 
takeoff speed has been achieved. The ACLS trunk will be retracted against the fuse- 
lage once the aircraft becomes airborne, and the auxiliary engines will be shut down. 

The landing sequence involves starting up both ACLS engines and inflating the 
trunk. Upon touchdown the brake pillows will be inflated to decelerate the aircraft 
landing speed. Taxiing to the unloading zone will be accomplished on the air cushion. 
Due to the relatively low ACLS bearing pressures, the pilot may use alternate smooth 
surfaces denied to conventional gear aircraft due to inherent surface strength. 

These alternate paths may be asphalt or smooth soil surfaces. 

During the unloading process, trunk pressure will be maintained by the parking 
system in the period is too lengthy. For short-term duration unloading, the ACLS 
engines will be left running. 

Detail Description 

Trunk Configuration And Air Supply - The trunk concept representative of present 
conventional designs is an elongated torus attached to the lower portion of the 
fuselage. The trunk extends the full length of the cargo compartment or 1+3 . 9 meters 
(ll»4 feet), has a width of 8.2 meters (27 feet), provides a cushion area of 208.8 
square meters (2248 square feet), and a perimeter of 82.9 meters (272 feet). 

Figure E-4. To support the gross weight of the aircraft would require a cushion 
pressure of l4.0 kPa (2.03 psig); however, the trunk pressure should be twice the 
cushion pressure or 28.0 kPa (4.06 psig). 

Two General Electric TF— 34 engines will be used to supply the required pressure 
for ACLS operation. The engines will be converted to use liquid hydrogen fuel 
supplied from tanks 2 and 5 (Figure E- 2 ) and are mounted in pods on left and right 
side of the aircraft centered approximately about the aircraft center of gravity. 

Each has an air inlet and engine core exhaust exit centered approximately 4.27 meters 
(14 feet) above the runway to minimize the ingestion of foreign material and minimize 
the effect of the hot exhaust gases to either personnel or equipment which may be in 
the local area. Each engine is capable of supplying 184.1 cubic meters (6500 cubic 
feet) of fan by-pass air per second at static (M=0) condition. Engine exhaust air 
is separately ducted through the exhaust exit location in each pod. During braking, 
compressor bleed air will be directed to the brake pillows. 


The by— pass air from each engine is directed to the trunk. The trunk is also 
provided with lubrication holes in its surface adjacent to the ground which direct 
sufficient air to the central cavity to support the aircraft at a predetermined 
height above the runway. The air escapes around the tangential line between the 
trunk and the runway providing an air bearing for the aircraft to move upon. 

The trunk is made from an elastic composite so that when deflated, it shrinks 
and retracts upward and against the bottom of the fuselage to make a relatively 
smooth aerodynamic surface except for the brake treads described later. More speci- 
fically, the trunk is made up of several plys of two-way stretch material consisting 
of arrays of stretch cords placed at right angles in a rubber matrix. The two-way 
stretch permits clean retraction against the bottom of the fuselage. 

Brake System - The brake system consists of a series of six brake pillows, and 
.treads are located on the aft portion of the trunk and on either side as shown in 
Figure E-U. A replaceable tread, consisting of many brake skid blocks, is attached 
to the outside of the trunk directly adjacent to the brake pillows. When the trunk 
is deflated, the treads fold up in accordion fashion and extend 101.6 to 127.0mm 
(ij to 5 inches) below the lower fuselage skin. Aerodynamic moldings are provided 
for and aft of the treads to improve the aerodynamic flow. The pillows are rapidly 
inflated by diverted compressor bleed air from the core engines. This will press 
the brake skids against the runway or landing surface. Due to this inflation and 
braking action, the trunk is locally deformed, allowing the cushion air to bleed 
off, reducing the cushion pressure, and results in the major portion of the aircraft 
weight being applied to the brake treads. The brakes can be differentially applied 
through the pilot's and copilot's brake pedals to achieve low speed maneuver and 
taxi control. 

Parking System - The parking system consists of bladder cells fastened beneath 
the fuselage inside the trunk. These cells are inflated by the engine compressor 
bleed air. The bladders are located ahead of and behind the series of brake pillows 
The parking bladders are inflated prior to shut-down of the ACLS engines, in going 
from the air cushion mode to the park mode. After the trunk has deflated, the air- 
craft is supported by the inflated parking bladders which ai'e sealed off by closure 
of their inflation valves. To go from the parking mode to the air cushion operation 
the sequence is reversed. The bladders are made of multi-ply elastic construction, 
similar to the trunk, and are self-stowing when deflated. 
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Figure E-4. 
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Control System — The balance of the ACLS System consists mainly of the valves 
and sensors necessary for control of the inflation and deflation of the trunk, 
braking, and parking subsystems. A heat exchanger is also included to reduce engine 
air temperature to a level satisfactory for temperature tolerance of the materials 
that make up the brake pillows and parking bladders. 

Study Results 

Weight - The weights for the ACLS are summarized and compared to the weight 
allocated for conventional landing gear on the selected large noseloader liquid 
hydrogen cargo transport on Figure E-5. The main landing gear pod and actuation 
accessories were assumed to be equivalent to the pod required to house the ACLS 
engines and their control, fuel, and LH 2 conversion systems. 

The net weight saving attributed to the ACLS gear is 1,828 kilograms (4,030 
pounds), which is reflected in the reduction of the baseline aircraft operating 
weight from 138,670 to 136,842 kilograms (305,710 to 301,680 pounds) for the ACLS 
aircraft. The trunk weight 4,790 kilograms (10,560 pounds) is compatible with a 
safety factor of 10. Further analysis of the system could conceivably reduce this 
factor. The trunk weight for a safety factor of 4 is approximately 1,996 kilograms 
(4,400 pounds) which could increase the total weight saving to 4,622 kilograms 
(10,190 pounds). 

Drag - A conventional gear contributed to the total aircraft drag by parasite 
drag and rolling friction. The ACLS also has two drag components, parasite drag and 
momentum drag. The parasite drag of the two gears is considered approximately equal 
except for the added wetted area of the retracted trunk and the slightly protruding 
brake skids. For this difference, two counts of drag were added to the total air- 
craft drag. 

Performance - Both aircraft are configured to the same ground rules vhich 
retained the maximum payload of 113,400 kilograms (.250,000 pounds) and the mission 
fuel limit of 48,005 kilograms (105,830 pounds). The substitution of ACLS for the 
conventional gear results in a drag increase and an operating weight decrease, which 
when combined, reduce the design mission of the aircraft from 10,l86 to 10,l48 kilo- 
meters (5,500 n m to 5,480 n m). In computing the landing and takeoff performance, 
it was assumed that the rolling friction of the conventional gear and the momentum 
drag of the ACLS, were equal. 
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/ WEIGHT • 



lb 

kg 

ACLS 



Trunk 

10,560 

4,790 

Trunk Attachment 

4,300 

1,951 

Parking Bladder 

1 ,140* 

517 

Engines and Fan Assemblies 

2,854 

1,295 

Engine Mountings 

1,550 

703 

Liquid Hydrogen Fuel System 

759 

344 

Brakes 

4,557 

2,067 

Subsystems 

600 

272 

. Ducting 

951 

431 

Total Weight 

27,271 

12,370 

Conventional Landing Gear 



Nose Landing Gear 

4,069 

1,846 

Main Landing Gear (4) 

27,232 

12,352 

Total Weight 

31,301 

14 ,198 

l -J- 

Figure E-5. Weight Comparison 


The FAA takeoff distance of the ACLS aircraft is 2,1*23 meters (7,950 feet). . 
This represents an increase of 11 percent over the conventional gear aircraft and 
is attributed to limiting the rotational angle of the aircraft to 0.07 radians 
(U degrees). This was selected in lieu of the normal 0.l4 - 0.21 radians 
(8 - 12 degrees) due to the long ACLS trunk, 1*3.9 meters (l44 feet), and the desire 
to maintain a reasonable air cushion until the aircraft becomes airborne. The 
landing distances are essentially equal, 2,332 vs 2,301 meters (7,560 vs 7,550 feet) 
A more detailed study could reduce the ACLS landing distance even further, due to 
higher braking friction of the skids, if the surface area allocated for braking 

proves conservative. 




Cost “ The cost of both the conventional landing gear (CLG) and ACLS is based 


upon production quantities required to produce 

350 aircraft. 



$ X 106 



CLG 

ACLS 

Non Recurring 

108.3 

42.9 

Unit Price 

0.76 

2.77 

Unit Price Including 
• Non-Recurring Cost 

1.07 

2.89 


The higher cost of the ACLS system increases the price of the baseline aircraft 
from $39*120,000 to $40, 940,000. The direct operating cost also increases from 2.89 
to 2.95 cents per available megagram — kilometer (4.86 to 4.95 cents per available 
ton nautical mile). The cost of operating the aircraft at full payload for 10,186 
kilometers (5*500 nautical miles) increases from $33,400 to $34,000 per trip. 

Conclusions 

Although the ACLS compared to a conventional landing gear reduces the operating 
weight of the aircraft slightly, the increase in drag and price result in a reduction 
in aircraft performance and an increase in direct operating cost, respectively. 

Both landing systems were evaluated with respect to smooth improved airport runways. 
The chief attraction for ACLS up to this time has been the ability to operate, 
within reason, from all types of surfaces or terrain. The ALCS has other potential 
advantages which did not enter into this evaluation: 

Improved Safety During Takeoff and Landing 
Improved Aircraft Relaibility 
Low Cost Airfields 
Improved Runway Maintenance 

Future Research And Development Studies 

The analysis reported herein assumed state-of-the-art, elastic construction 
of the ACLS trunk, which utilizes its elastic properties for retraction. Elastic 
construction may not be the optimum solution. Due to various factors, such as 
design complexity and care required in manufacture, the elastic trunk is the 
most expensive component of the ACLS system. Significant savings are potentially 
realizable with an inelastic trunk. 
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